REMARKS 

I. Amendments to the Claims 

Claims 1-22, 24, 32, 41-58 and 63-70 have been canceled without prejudice. Applicant 
reserves the right to prosecute the subject matter of any canceled claims in one or more 
continuation, continuation-in-part, or divisional applications. 

Claim 23 has been amended to clearly define the subject matter of the invention by 
deleting 'formation or', changing 'tumors' to 'blood-bom tumors' and changing 'an effective 
amount' to 'a therapeutically effective amount', as proposed at a personal interview held on 
October 9, 2007. The claim is supported by the originally filed specification, for example, page 
5, lines 12-19, page 9, lines 7-9, page 20, lines 15-24 and canceled claim 58. Claim 34 has been 
amended to remove tumors other than blood-bom tumors. Claim 71 has been amended to correct 
claim dependency. Claim 72 has been added to recite a capsule. The claim is supported by the 
originally filed specification, for example, page 21, lines 2-9 and claim 26. No new matter has 
been added. 

Claims 23, 25-31, 33-40, 59-62 and 71-72 are pending. Applicant respectfully submits 
that the pending claims are allowable for the following reasons. 

II. Applicant's Statement of the Substance of Interview and 
Response to the Examiner's Interview Summary of Record 

A personal interview with Patent Examiner Anderson, Dr. Schafer, Dr. Robertson-Chow, 
Mr. Girards and Ms. Moon, attorneys for Applicant, was held on October 9, 2007. Applicant 
appreciates the Examiner interview. 

During the interview, the Examiner and attorneys for Applicant discussed the pending 
§ 1 12 enablement rejections. Attorneys for Applicant pointed out that the pending claims are 
enabled based on the Examples and descriptions in the specification. Attorneys for Applicant 
presented articles published after the filing date of the application as evidence that a skilled 
person in the art can practice the claimed invention without undue experimentation based upon 
the disclosure of the specification. The articles report that inhibition of angiogenesis by 
thalidomide was discovered by the present inventor, and that thalidomide is now used for 
treating tumors, especially blood-bom tumors (e.g., multiple myeloma) in the United States. 
Attomeys for Applicant also presented a label of thalidomide which was approved to treat 
multiple myeloma by the U.S. Food and Drug Administration in June 2006. 

Attomeys for Applicant proposed the amendments of the claims to recite the inhibition of 
the growth of blood-bom tumors. The Examiner stated that he and his supervisor would very 
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favorably consider such amendment and evidence. Attorneys for Applicant noted that they 
would submit an amendment to the claims as proposed. Applicant's arguments and evidence are 
discussed below and presented herewith. 

III. Arguments and Response to Rejections 

The Claimed Invention is Definite 

Claims 23, 25-26, 30-31, 33-35, 39-43, 47-52 and 56-71 are rejected under 35 U.S.C. 
§112, second paragraph, as being indefinite, because 'an effective amount' recited in the claims 
is not clear what the amount being administered is effective for. (Page 8 of Office Action). 
Applicant respectfully traverses the rejection. 

Solely to promote the allowance of the case and without acquiescing to the Examiner's 
rejection, claim 25 has been amended by changing 'an effective amount' to 'a therapeutically 
effective amount', as proposed at the interview. The specification, for example on page 20, 
clearly describes the therapeutically effective amount for inhibiting the growth of tumors and 
treating tumors. Therefore, Applicant respectfully requests that the rejection of the claims under 
35 U.S.C. § 1 12, second paragraph, be reconsidered and withdrawn. 

The Claimed Invention Meets Enablement Requirements 

Claims 23, 25-3 1 and 33-71 are rejected under 35 U.S.C. §1 12 as failing to comply with 
the enablement requirement. (Pages 3-7 and 9-18 of Office Action). Applicant respectfully 
traverses the rejection. 

The test of enablement is whether one reasonably skilled in the art could make or use the 
invention from the disclosures in the patent coupled with information known in the art without 
undue experimentation. U.S. v. Telectronics, Inc, 857 F.2d 778, 785 (Fed. Cir. 1988). As to the 
meaning of undue experimentation, the Office Action states that "a considerable amount of 
experimentation is permissible, if it is merely routine, or if the specification in question provides 
a reasonable amount of guidance with respect to the direction in which experimentation should 
proceed to enable the determination of how to practice a desired embodiment of the claimed 
invention." (Page 9 of the Office Action), (emphasis added). Applicant respectfully submits 
that the pending claims, particularly as amended, comply with the enablement requirement, 
because the specification provides a reasonable amount of guidance to practice the claimed 
invention, as discussed below. 

In this response, claim 23 has been amended to recite "a method for inhibiting the growth 
of blood-bom tumors sensitive to thalidomide in a human comprising administering to said 
human a therapeutically effective amount of thalidomide." Thus, the pending claims encompass 
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methods using thalidomide for inhibiting the growth of blood-bom tumors sensitive to 
thalidomide. In fact, the Examiner at the interview stated that the amendment of the claims to 
recite inhibiting the growth of blood-bom tumors and evidence on the efficacy of thalidomide in 
tumors, especially blood-bom tumors, would overcome the enablement rejection. 

Specifically, the specification discloses the methods of administering thalidomide to 
patients having tumors, including mode of administration, dosage forms and formulations (e.g., 
page 20, lines 2-8, and page 20, line 25 to page 23, line 2, for claims 23, 25, 26, 31, 35, 39, 40, 
59-62 and 71), and doses of thalidomide (e.g., page 20, lines 15-24 for claims 27-29 and 36-38). 
Thus, one skilled in the art would have been able to practice the claimed invention by 
administering the specified amount of thalidomide using the specified routes of administration to 
the specified patients, in accordance with the explicit teachings of the present application. 

The specification also discloses working Examples I through III (pages 24-28, chick 
chorioallantoic membrane (CAM) assay, rabbit cornea angiogenesis assay and inhibition of 
bFGF induced corneal neovascularization), demonstrating that thalidomide is effective in 
inhibiting angiogenesis in vivo. The inhibition of angiogenesis by thalidomide is described on 
page 27 of the specification, and Figures 6 and 7. The specification clearly describes that 
undesired angiogenesis occurs in tumors and the inhibition of undesired angiogenesis halts tumor 
growth, (e.g., page 2, lines 19-26; page 4, lines 20-27 and page 5, line 1 to page 6, line 3). The 
Office Action has also recognized that undesired angiogenesis is associated with tumor growth 
and it has not questioned that thalidomide inhibits angiogenesis. (Page 4 of the Office Action). 

Thus, from the description of the specification, one skilled in the art would have been 
able to appreciate that the inhibition of angiogenesis by administration of thalidomide would lead 
to the inhibition of the growth of tumors. In view of the foregoing, the specification provides a 
sufficient guidance as to inhibiting the growth of tumors, by administering an effective amount 
of thalidomide. 

Nonetheless, the Office Action states that the articles cited by the Examiner disclose 
ineffectiveness of thalidomide against cancer, and thus they support lack of enablement of the 
claimed invention. (Office Action, pages 12-15). Applicant points out that the present 
application is distinct from the articles published prior to the filing date of this application, 
because the specification- unlike the articles published prior to the filing date of this application- 
discloses sufficient guidance to practice the claimed invention for inhibiting the growth of 
tumors using thalidomide without undue experimentation. 
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Applicant notes that the references of record (published prior to the filing date of the 
instant application) disclosed ineffectiveness of thalidomide against cancer in certain studiesV 
Because of the disappointing results of the study reports, interest in thalidomide as an anti-cancer 
agent diminished greatly. See, e.g., previously submitted Diggle, page 630, left column, the 
second paragraph. Since then, however, the study of the present inventor D' Amato on anti- 
angiogenesis - related to the invention disclosed in the present application - prompted the 
numerous trials on use of thalidomide in cancer. See, e.g., Diggle, page 630, left column, the 
second paragraph; Kumar, page 2478, the second paragraph; and Rajkumar, page 900, the last 
two paragraphs. 

Indeed, there was an explosion of studies for thalidomide in cancer in the late 1990's and, 
it is believed that this was in part, in response to the disclosures made by D'Amato in the present 
specification. In the last response, Applicant submitted articles which reported that thalidomide 
had been being studied and used for treating tumors, based on the discovery of the present 
inventor that thalidomide inhibits angiogenesis. See, e.g., previously submitted Diggle, Kumar 
and Rajkumar. The article of the present inventor D'Amato study {Proc. Natl Acad, ScL, USA 
91, 1994, page 4082-5) also describes that thalidomide was effective in inhibiting angiogenesis 
in vivo in rabbit cornea angiogenesis assay, and concludes that there are clear implications for the 
use of this drug for treating angiogenesis associated diseases including tumors. See, at page 
4085. 

In addition to the articles previously submitted , the following articles also evidence that 
a skilled in the art can use and practice the claimed invention from the disclosure of the 
specification. For example, Singhal et al. (Antitumor Activity of Thalidomide in Refractory 
Multiple Myeloma, A^. Engl. J. Med., 1999, pp. 1565-1571) describes that angiogenesis is 
important in tumor progression, that thalidomide can inhibit angiogenesis in animal models, and 
that angiogenesis-inhibiting drug thalidomide may be useful for treating cancers (page 1565, 2"^ 
paragraph of right column). A copy of the article was submitted at the interview and is 
submitted herewith again. Indeed, the author referred to the present inventor's animal model 
studies of angiogenesis, which are described in the instant specification, describing that 
thalidomide has been shown to inhibit angiogenesis induced by fibroblast growth factor and 
vascular endothelial growth factor in a rabbit-cornea micropocket assay and a murine model of 
corneal vascularization, and also to cause apoptosis of established tumor-associated angiogenesis 
in experimental model (page 1570, left column and page 1571). 

' Applicant makes no admission that such references are enabling, nor any admission as 
to the contents of their disclosure by this statement. 
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Kneller A. et al. (Therapy with thalidomide in refractory muhiple myeloma patients - the 
revival of an old drug. British Journal of Haematology 2000; 108(2): 391-3) also reports that 
angiogenesis plays important role in haematological malignancies: that thalidomide has an 
inhibitory effect on angiogenesis as shown in an animal model by the present inventor D'Amato: 
and that this could be beneficial action in treating multiple myeloma (page 393, left column). 

Hideshima T. et al. (Thalidomide and its analogs overcome drug resistance of human 
multiple myeloma cells to conventional therapy. Blood 2000; 96(9): 2943-50) ftirther reports that 
the discovery that thalidomide possessed potent antiangiogenic properties by D'Amato provided 
rationale for its use to treat multiple myeloma (page 2943, left column). 

Barlogie B. et al. (Extended survival in advanced and refractory multiple myeloma after 
single-agent thalidomide: identification of prognostic factors in a phase 2 study of 169 patients. 
Blood 2001 ; 98(2): 492-4) also reports on page 492, left column that the present inventor 
D'Amato demonstrated the anti- angiogenic effects of thalidomide by repression of vascular 
endothelial growth factor and basic fibroblast growth factor pathways, and concludes on page 
493, right column that the activity of thalidomide in multiple myeloma involving an 
antiangiogenic mechanism led people in the field to investigate antiangiogenic agents for 
antitumor activity . 

Thus, the publications confirm that it was the breakthrough made by the present inventor 
which demonstrated that thalidomide inhibits angiogenesis, could be used in inhibiting tumors 
and re-ignited interest in the drug, and thalidomide is now being used and studied further as a 
treatment of tumor such as multiple myeloma. This art is evidence that a skilled person in the art 
can practice the claimed invention without undue experimentation based upon the disclosure of 
the specification. 

Next, the Office Action states the disclosure of the specification that thalidomide inhibits 
angiogenesis does not reasonably suggest that it will be effective in inhibiting tumor growth in 
humans. (Page 16 of the Office Action). Applicant respectfiiUy disagrees. 

The specification clearly describes the relationship between the inhibition of angiogenesis 
and the inhibition of tumor growth in humans. For example, the specification at page 2, lines 19- 
26; page 4, lines 20-27 and page 5, line 1 to page 6, line 3, states as follows: 

" Persistent, unregulated angiogenesis occurs in a multiplicity of disease states, 
tumor metastasis and abnormal growth by endothelial cells and supports the pathological 
damage seen in these conditions. The diverse pathological states created due to 
unregulated angiogenesis have been grouped together as angiogenic dependent or 
angiogenic associated diseases. Therapies directed at control of the angiogenic processes 
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could lead to the abrogation or mitigation of these diseases .... 

One of the most frequent angiogenic diseases of childhood is the hemangioma 

Angiogenesis is prominent in solid tumor formation and metastasis. Angiogenic 
factors have been found associated with several solid tumors such as 
rhabdomyosarcomas, retinoblastoma, Ewing sarcoma, neuroblastoma, and osteosarcoma. 
A tumor cannot expand without a blood supply to provide nutrients and remove cellular 
wastes. Tumors in which angiogenesis is important include solid tumors, and benign 
tumors such as acoustic neuroma, neurofibroma, trachoma and pyogenic granulomas. 
Prevention of angiogenesis could halt the growth of these tumors and the resultant 
damage to the animal due to the presence of the tumor. 

It should be noted that angiogenesis has been associated with biood-born tumors 
such as leukemias, any of various acute or chronic neoplastic diseases of the bone 
marrow in which unrestrained proliferation of white blood cells occurs, usually 
accompanied by anemia, impaired blood clotting, and enlargement of the lymph nodes, 
liver, and spleen. It is believed that angiogenesis plays a role in the abnormalities in the 
bone marrow that give rise to leukemia-like tumors . 

Angiogenesis is important in two stages of tumor metastasis. The first stage 
where angiogenesis stimulation is important is in the vascularization of the tumor which 
allows tumor cells to enter the blood stream and to circulate throughout the body. After 
the tumor cells have left the primary site, and have settled into the secondary, metastasis 
site, angiogenesis must occur before the new tumor can grow and expand. Therefore, 
prevention of angiogenesis could lead to the prevention of metastasis of tumors and 
possibly contain the neoplastic growth at the primary site . 

Knowledge of the role of angiogenesis in the maintenance and metastasis of 
tumors has led to a prognostic indicator for breast cancer. . . . Control of angiogenesis by 
therapeutic means could possibly lead to cessation of the recurrence of the tumors ." 

Thus, the specification clearly describes that the inhibition of angiogenesis would lead to 
the inhibition of the growth of tumors such as blood bom- tumors in humans. 

In addition, in the specification at pages 24-28 of the present application, Examples I to 
III (chick chorioallantoic membrane (CAM) assay, rabbit comea angiogenesis assay and 
inhibition of bFGF induced corneal neovascularization) demonstrate that thalidomide is effective 
in inhibiting angiogenesis in vivo. In particular, the specification on page 27 discloses that 
treatment with a dose of (200mg/kg) of thalidomide resulted in an inhibition of the area of 
vasularized comea that ranged from 30-51% in the rabbit comea angiogenesis assay, with a 
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median inhibition of 36% (Figure 6) (n=30 eyes, p=0.0001), and Figure 7 shows the inhibition of 
angiogenesis by thalidomide. Thus, the specification describes that the inhibition of 
angiogenesis by thaHdomide resulting from the assays in the examples would lead to the 
inhibition of the growth of tumors such as blood bom-tumors in humans. 

Accordingly, the specification and references of record supports the use of the assay 
described in the specification as an indicator of activity against angiogenesis and tumors such as 
blood bom-tumors in humans. Where a particular model is recognized as correlating to a 
specific condition in a given art, the Examiner should accept that correlation, unless the 
Examiner has evidence that the model does not correlate. In re Brana at 1566; MPEP. § 
2164.02. The Office Action has not provided with any evidence that the animal model disclosed 
in the specification does not correlate with the inhibition of tumors in humans. 

Further, Applicant respectfully submits that an in vitro or in vivo animal model examples 
in the specification, in effect, constitute working examples, as the examples correlate with a 
claimed method invention. In re Brana, at 1566; MPEP § 2164,02. "A rigorous correlation is 
not necessary where the disclosure of pharmacological activity is reasonable based upon the 
probative evidence." See Cross v. lizuka, 753 F.2d 1040, 1050 (Fed. Cir. 1985). With this legal 
framework in mind, Applicant submitted publications to show the correlations between the 
methods for inhibition of the growth of tumors in humans and the animal models for 
angiogenesis inhibition described in the specification. See e.g,, Langer et al., Gimbrone et al,, 
"Tumor Growth and Neovascularization: An Experimental Model Using the Rabbit Cornea," J. 
Natl. Cancer Inst, (1974) 52(2): 413-427, and D'Amato et aL, "Thalidomide is an Inhibitor of 
Angiogenesis," Proc. Natl. Acad Sci., U.S.A. (1994) 91: 4082-4085. 

Applicant notes that human working examples are not required under 35 U.S.C., first 
paragraph. For example, in In re Brana, the PTO alleged that animal testing was not reasonably 
predictive of the success of the claimed compounds for treating cancer in humans. 5 1 F.2d 1 560, 
1567, 34 U.S.P.Q.2d 1436 (Fed Cir. 1995). The Court rejected this argument and stated that 
"[t]he Commissioner, as did the Board, confuses the requirements under the law for obtaining a 
patent with the requirements for obtaining government approval to market a particular drug for 
human consumption." Id. The Court further stated that " Title 35 does not demand that such 
human testing occur within the confines of the Patent and Trademark Office Proceedings ." Id,, 
citing Scott v. Finney, 34 F.3d 1058, 1063, 32 U.S.P.Q.2d (BNA) 115, 120 (Fed. Cir. 1994) 
(emphasis added). Thus, Applicant respectfully submits that Applicant is not required to provide 
any clinical data of the efficacy and safety of thalidomide. 

In view of the clear descriptions of the relationship between the inhibition of 
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angiogenesis and tumors in humans in the specification, one skilled in the art would have been 
able to practice the claimed invention by administering the specified amount of thalidomide 
using the specified routes of administration to patients having tumors. 

In sum. Applicant respectfully submits that the specification provides sufficient 
information and guidance to those of ordinary skill in the art to make and use the claimed 
invention, and that to the extent any experimentation is necessary, such experimentation is not 
undue. Therefore, Applicant respectfully requests that the rejection of the claims under 35 
U.S.C. § 1 12, first paragraph be reconsidered and withdrawn. 



Claims 23, 25-29, 31, 33-40, 58-62, 67-68 and 71 are provisionally rejected on the 
ground of nonstatutory obviousness-type double patenting as being unpatentable over claims 25- 
46 of copending Application No. 1 1/096,155. (Office Action, pages 18-19). 

Solely to promote the allowance of the case and without acquiescing to the Examiner's 
rejection, a terminal disclaimer was submitted in Application No. 1 1/096,155 on October 30, 
2007. Thus, Applicant respectfully requests that the double patenting rejections be withdrawn. 

IV. Conclusion 

Applicant respectfully requests that the above amendments and remarks be entered in the 
file of this application. Should the Examiner not agree that all claims are allowable, then a 
further personal or telephonic interview is respectfully requested to discuss any remaining issues 
and to accelerate the allowance of the above-identified application. Please charge any required 
fees to Jones Day Deposit Account No. 50-3013. 



The Double Patenting Rejection Should Be Withdrawn 




Respectfully submitted. 



Date: 



October 3 1 , 2007 



For Anttfony M. Insogna (Reg, No. 35,203) 



JONES DAY 
222 East 41'^ Street 
New York, NY 10017 
Tel. (212)326-3778 
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ANTITUMOR ACTIVITY OF THALIDOMIDE IN REFRACTORY MULTIPLE MYELOMA 



ANTITUMOR ACTIVITY OF THALIDOMIDE IN REFRACTORY 

MULTIPLE MYELOMA 

Seema Singhal, M.D., Jayesh Mehta, M.O., Raman Oesikan, M.D., Oan Ayers, M.S., Pauu Roberson, Ph.D., 
Paul Eddlemon, B.S., Nikhil Munshi, M.O., Euas ANArssiE, Carla Wilson, M.D., Ph.D., 
Madhav Dhodapkar, M.D., Jerome Zeldis, M.D., and Bart Barlogie, M.D„ Ph.D. 



Abstoact 

Background Patients with myeloma who relapse 
after high-dose chemotherapy have few therapeutic 
options. Since increased bone marrow vascularity 
imparts a poor prognosis in myeloma, we evaluated 
the efficacy of thalidomide, which has antiangiogenic 
properties, in patients with refractory disease. 

Methods Eighty-four previously treated patients 
with refractory myeloma (76 with a relapse after high* 
dose chemotherapy) received oral thalidomide as a 
single agent for a median of 80 days (range, 2 to 465). 
The starting dose was 200 mg daily, and the dose was 
increased by 200 mg every two weeks until it reached 
800 mg per day. Response was assessed on the ba- 
sis of a reduction of the myeloma protein in serum 
or Bence Jones protein in urine that lasted for at least 
six weeks. 

Bxsutu The serum or urine levels of paraprotein 
were reduced by at least 90 percent in eight patients 
(two had a complete remission), at least 75 percent 
in six patients, at least 50 percent in seven patients, 
and at least 25 percent in six patients, for a total rate 
of response of 32 percent. Reductions in the parapro- 
tein levels were apparent within two months in 78 
percent of the patients with a response and were as- 
sociated with decreased numbers of plasma cells in 
bone marrow and increased hemoglobin levels. The 
microvascular density of bone marrow did not change 
significantly in patients with a response. At least one 
third of the patients had mild or moderate constipa- 
tion, weakness or fatigue, or somnolence. More se^ 
vere adverse effects were infrequent (occurring in less 
than 10 percent of patients), and hematologic effects 
were rare. As of the most recent follow-up, 36 pa- 
tients had died (30 with no response and 6 with a re- 
sponse). After 12 months of follow-up, Kaplan-Meier 
estimates of the mean (±SE) rates of event-free sur- 
vival and overall survival for all patients were 22±5 
percent and 58±5 percent, respectively. 

Conclusions Thalidomide is active against ad- 
vanced myeloma. It can induce marked and durable 
responses in some patients with multiple myeloma, 
including those who relapse after high-dose chemo- 
therapy. (N Engl J Med 1999;341:1565-71.) 

01999, Massachusetts Medical Society. 



MULTIPLE myeloma accounts for ap- 
proximately 1 percent of all cancers and 
itf percent of hematologic cancers. It 
is incurable with conventional chemo- 
therapy.^ Melphalah-based high-dose chemotherapy 
wi± hematopoietic stem-cell support increases the 
rate of complete remission and extends cvent-firee and 
overall survival.'"* However, many patients still relapse, 
and options for salvage therapy arc limited.*** 

Angiogenesis is important in cmbryogenesisy wound 
healing, diabetic retinopathy, and tumor progression.^*^ 
The immunomodulatory drug thalidomide can inhib- 
it angiogenesis and induce apopWs of established 
neov^sculature in experimental modcls-^-^.** For these 
reasons, angiogcncsis-inhibiting drugs such as tha- 
lidomide may be usefiil for treating cancers that de- 
pend on neovascularization. 

Prominent bone marrow vascularization occurs in 
multiple myeloma. It correlates positively with a high 
plasma-cell- labeling index (a poor prognostic sign) 
and disease activity and independcntiy confers a poor 
prognosis.^^-^* Plasma levels of various angiogenic cy- 
tokines, such as basic fibroblast growth factor and 
vascular endothelial growth ^ccor, air elevated in pa- 
tients with active myeloma." In 1965, Olson ct al. 
reported slowing of disease progression in one pa- 
tient who was treated with thalidomide.^^ These con- 
siderations led us to administer thalidomide to five 
patients with end-stage myeloma through a compas- 
sionate-use protocol. One patient with a large tumor 
burden (as indicated by an IgA level of 8.4 g per dec- 
iliter, the presence of more than 95 percent plasma 
cells in bone marrow, and the need for transfusion), 
who had had no response to two cycles of high-dose 
chemotherapy followed by multiple salvage therapies, 
had a nearly complete remission within three months 
after the initiation of thalidomide therapy. This ob- 
servation prompted a phase 2 investigation of tha- 



FrcHu the Myeloma and Lymphomi Program^ South CvoUna Cancer 
Center, Univcnity of South Carolina, CoJu/nbia (S.S., J.M.); the Myeloma 
and Tranaplaotation Research Center, Uaiveraty of Arkaaus for Medical 
Sdencea, Utile Rock (R.D., 0-A., P,IL, P.E., KM., E.A , CW., J.Z., B.B.); 
and the Laboratory of Cellular Physiology and Immunology, Kockc&Ucr 
University, Kew York (M.D.). Addrrsi reprint requcits to Dr. Barlogie at 
the Myeloma and TtanspUnution Riuearcb Center, University of Arkansas 
for Medical Sciences, 4301 W. Markham, Slot 623, Little Rock, AR 72205. 

Other authon were David Siegcl, M.D., Ph.D., University of Arkansas 
for Medical Sciences* Little Rock, and John Oxwley, Ph.D., Fred Hutch- 
inson Cancer Research Center, Seattle. 
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lidoniide in patients with advanced and refractory 
myeloma. 

METHODS 
Patients and treatments 

Between December 1997 and June 1998, 84 consecutive, eligi- 
ble patients with previously treated and progressive myeloma began 
treatment with oral thalidomide as a single agent after providing 
written informed consent. No patients were excluded on the hzsas 
of renal or cardiopulmonary function, whereas patients could be 
excluded if the results of liver- function tests were more than twice 
the upper limit of normal levels. All patients were treated at a single 
center according to a phase 2 protocol approved by the institution- 
al review board and the Food and Drug Administration (FDA). 

Thalidomide was supplied in 50-mg capsules by Celgcnc (War- 
ren, NJ.) and was administered nightly at a dose of 200 mg. The 
dose was increased by 200 mg every two weeks for six weeks, so 
that the 6nal dose was 800 mg per day. Data were analyzed as of 
June 17, 1999, when the duration of treatment ranged from 2 to 
465 days (median, 80) and the median follow-up of surviving 
patients was 13 months. 

Table 1 summarizes the characteristics of the patients and de- 
tails of prior therapy. Seventy-six patients (5W percent) had received 
at least one cycle of high-dose chcmothcnpy with autologous hem- 
atopoietic stem-cell support, and 58 (69 percent) had received two 
or more cycles of intensive chemotherapy. The median time from 
the last course ,of high-dose chemotherapy to the beginning of 
treatment with thalidomide was 14 months. A high-risk cyto- 
genetic abnormality (deletion of chromosome 13) was present in 
35 patients (42 percent),^ One patient had received an allograft 
as a second intervention, with evidence of fiill donor-type chi- 
merism iii normal lymphohcmatopoietic cells. At the time of en- 
rollment, all patients had progressive disease, with an increase in 
paraprotein levels of at least 25 percent or at least 50 percent plas- 
ma cells in bone marrow. Approxtmatdy half the patients had been 
retreated with dexamethasonc or other regimens, but the disease 
had progressed before ti\alidomide treatment was begun. 

Evaluatton 

The prctrtatmcnt evaluation included complete bJood counts, 
tests of renal and liver function, serum and urine protein electro- 
phoresis, and measurements of serum Icveb of immunoglobulins, 
beta^- microglobulin, 2pd C-reactive protein. Bone marrow aspi- 
rates were obtained and biopsies were performed to determine 
the percentage of plasma cells in bone marrow, to identify kary- 
otypic abnormalities (Gicmsa- banded cells in mctaphase), and to 
assess the proliferative activity in plasma cells according to the 
bromodeoxyuridine method to derive the plasma-ccU-labcling 
index}* Follow-up studies included a weekly estimation of para- 
protein levels — the myeloma protein in scrum and Bencc Jones 
protein in urine — for the firrt two months, followed thereafter 
by monthly mcasurcnKnte. Whenever possible, bone marrow was 
examined at the time of the maximal response or when patients 
with no response left the study 

The microvascularity of bone marrow was studied in a semi- 
quantitative fashion in biopsy samples that were obtained with 
a trephine and stained with an anti-CD 34 monoclonal antibody 
(prcdiluted Clone QBEnd/lO, Cell Marx)ue, Austin, Tex.). The 
results were expressed as the number of vessels per high-power 
field (400X). 

Assessment of Response 

The primary end point of the study was the finding of a decline 
in the level of paraprotein in serum or urine of at least 25 percent, 
50 percent, 75 percent, or 90 percent on two occasions at least 
six weeks apart. Among patients with detectable levels of both 
urine and scrum paraprotein, the response was judged on die ba- 
sis of die component showing the smaller decline. Patients with 
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OuwA C T um i e 
Male sex 

Durie -Salmon stage III muldple myclomi 
IgG paraprotein 

Duration of prior chcrapy >60 mo 

?riOf higfa'doK chemocbcrapy 

Kcceipt of >1 cycle of high-dose chemodierapy 

Interval between last cycle of iiigh-dose chemotherapy 

and initiation of thilidomide >12 mo 
Age >60 yr 
Hemoglobin <9 g/dl 
PlAielet count <S0 X lOymm' 
Scnun albumin <3.5 g/dl 
Serum creatinine >1.5 mg/dl (133 ftmoI/Utcr) 
Scrum beta^-microglobuUn >6 mg/liter 
Senun C-reactivc protein >3 mg/liier 
Serum monoclonal immunoglobulin >1 g/dl 
Urine Bencc Jones protein >1 g/dxy 
>50% Plauna cells in bone marrow on biopsy 
Plasma-cell-labeliflg index >!%• 
Sartl grade lit ^ 
Deletion of chromosome 13 

Outcome 
Compicdon of study 
Withdrawal fix>m study 
ProgresBOtt 

Intolerance of thalidomide 
Death of patient widi a response! 
Personal reasons 

Final dose of thalidomide 
400 mg/d«y 
600 mg/day 
800 mg/day 



140. OF 

61 (73) 
51 (61) 
SZ (61) 
18(31) 
76 (90) 
58 (69) 
43 (S7) 

32 (38) 

19 (23) 
17(20) 
22 (26) 
22 (26) 
24(29) 

20 (24) 
51 (61) 
44(52) 

18 (21) 
13(15) 

19 (23) 
35 (42) 

19 (23) 

&4(64) 
9(11) 

1(1) 
1(1) 

72 (86) 
57(68) 
46(55) 



•The platma-ccll-labcling index represents the pcrcemage of light-chain - 
restricted plasma celb incorporating bromodcozyuridinc.'* 

tThe Bard grading system distinguishes myeloma cells acconling to their 
morphologic maturation.** Grade n refers to immature plasma cells of 
cleaved, asynchronous, or polymorphous appearance. 

tThii patient had a response to treatment but died on day 37 of tzeatmcuL 



a reduction of less than 25 percent and those who discontinued 
treatment before a response could be assessed were considered to 
have had no response to dialidomidc. Thus, the results were eval- 
uated on ao intention-tO' treat basis. In patients with a response, 
an increase in serum or urine paraprotein levels by more than 25 
percent above the nadir value was considcced evidence of relapse. 
In patients who had a complete remission, evidence of rcemer- 
gcnce of the monoclonal protein (determined by immunofixation) 
on at least two occasions was considered to indicate a relapse. In 
patients who had a complete remission or a nearly complete re- 
mission (^90 percent reduction in serum or urine paraprotein lev- 
els), a bone marrow response was defined as the finding of less 
than 5 percent plasma cells in the biopsy specimen or aspirate. For 
the remaining patients with a paraprotein response, the percent- 
age of plasma cells had to decrease by at least 50 percent to qual- 
ify as a bone marrow response. 

Assessment of Adverse Effects 

All patients, irrespective of the duration of therapy, were in- 
cluded in the evaluation of adverse effects. All patients received 
diaries after providing informed consent, and 83 patients (99 per- 
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cent) reported having adverse effects. A comprehensive checklist 
of the adverse cHccts associated with thalidomide therapy was 
provided by Cclgcne; it was based on previous experience in treat- 
ing patients with leprosy and had been reviewed by the FDA. The 
dau were vcnBed by the patients by direa or telephone interviews. 
Hematologic values and other laboratory-based measures of ad- 
verse effects were assessed at least monthly by the data- manage- 
ment office. 

Statistical Analysis 

The primary end point for this phase 2 study was a diminution 
in the plasnu level of the myeloma protein or the urine level of 
Bence Jones protein. Other end points included the time to a re- 
sponse, the time to disease progression^ event-firee survival^ overall 
survival, the mioovascularity of bone marrow, and improvements in 
other laboratory values. Response was treated as a categorical var- 
iable. Comparisons of the response according to other categorical 
variables were assessed with use of the chi-square test or Fisher*s 
exact test, as appropriate. The times to response and disease pro- 
gression were calculated with the use of the compcting-risk meth- 
ods.^* The time to response was defined as the interval between 
the start of therapy and a given responsl (i.e., a decline in the serum 
or urine level of paraprotein of at least 25 percent, 50 percent, 75 
percent, or 90 percent or a complete remission). Competing risks 
with respect to the time to response included discontinuation of 
treatment because of progression or a lack of response, an inabil- 
ity to tolerate thalidomide, or death or personal reasons. The time 
to progres^on was calctilated only for patients with a paraprotein 
response and was defined as the time from the start of therapy to 
disease progression. Competing risks with respect to the time to 
progression included discontinuation of treatment because of ad- 
verse effects or death or for personal reasons. Event-free survival 
and overall survival were estimated according to the method of 
Kaplan and Meicr.^ Event-free sumval was calculated from the 
start of therapy to disease progression, removal from the study for 
any reason, death from any cause, or the last fr>Uow-up visit, which- 
ever occurred first. Overall survhral was calculated from the start 
of therapy to death from any cause or the last fr)llow-up visit. Data 
on patients who had not had an event by the time of the last fol- 
low-up were censored at thai time with rcspea to times to response 
and progression, cveni-fifce survival, and overall survival. Survival 
was compared with use of the log-rank tcst.^ Univariate and mul- 
tivariate (stepwise) logistic-regression methods were used to eval- 
uate the prognostic importance of various characteristics with re- 
spea to the likelihood of achieving at least a 25 percent or 50 
percent reduction in serum or urine paraprotein Levels. Uxuvariate 
and multivariate (stepwise) proportional-hazards regression analy- 
ses were used to evaluate the prognostic importance of various char- 
aaeristics with respect to event- free survival and overall survival. 

Since the microvascular density of bone marrow was used as a 
measure of the antiangiogcnic action of thalidomide, this variable 
was extensively modeled. To account for the need for multiple 
measurements of each patient over time and missing data, we used 
mixed-models rcp>cated-mcasures analysis of variance to evaluate 
the microvascular density of bone marrow.** The use of compound 
symmetry and first-order autoregressive covariance structures was 
compared, and the results were foimd to be similar according to 
Akaike's criterion. Therefore, the values obtained with the com- 
pound-symmetry models arc reported. Measurements of the mi- 
crovasctilar density of bone marrow were grouped according to 
the length of trcacmcnt, and values were measured every 50 days 
for a total of seven times, including the prctreatment value. The 
natural logarithm of the values for the microvascular density of 
bone marrow was used in the analysis. Estimates for patients with 
no response and patients with a complete or ncariy complete re- 
sponse (>90 percent reduction in serum or urine paraprotein lev- 
els) were used to predict the response in terms of the microvas- 
cular density of bone marrow over time. 

Improvements in important cliiucal measures were evaluated on 
the basis of the percent change from base line to the time of the 



maxiirul response or, for those without a response, the time at 
which treatment was discontinued. Spearman correlations were 
used to assess whether the changes within response groups were 
significant. For variables with no significant correlations, the signed- 
rank test was used to test the hypothesis within response groups 
that the change was significantly different from zero. All statistical 
tests were two-sided. 

RESULTS 
Declln* in Paraprotein Levels 

Timely escalations in the daily dose of thalidomide 
CO 400 mg, 600 mg, and 800 mg were possible in 83 
percent, 62 perccrft, and 47 percent of the patients, re- 
spectively; the proportions of patients who eventually 
reached these Icvck were 86 percent, 68 percent, and 
55 percent, respectively (Table 1). In 27 patients (32 
percent), the scrum or urine paraprotein level declined 
by at least 25 percent, including 7 (8 percent) v^ith a 
decline of at least 50 percent, 6 (7 percent) with a de- 
cline of at least 75 percent, and 6 (7 percent) with a 
decline of at least 90 percent; 2 patients had a com- 
plete remission (Table 2). The median interval be- 
tween the start of treatment and a decrease in the 
paraprotein level of at least 25 percent was 29 days 
(range, 4 days to 6 months) (Fig. 1). Seventy-eight 
percent of the responses of this magnitude were ap- 
parent within two months; they were observed with- 
in four months in all but two patients with a re- 
sponse. More marked reductions in paraprotein, by at 
least 50 percent and 75 percent, occurred after a me- 
dian of two and three months ofthcr3^>y, respectively, 

A low plasma-cell- labeling index (assessed as a con- 
tinuous variable) was the only statistically significant 
variable associated with a response among both the 
group with at least a 25 percent decrease in parapro- 
tein levels (P=0.01) and the group with at least a SO 
percent decrease (P-O.Ol). Using the median plasma- 
cell-labeling index of 0.2 percent as a cutoff value, 
wc found that 46 percent of padents with values be- 
low the median had a reduction in paraprotein levels 
of at least 25 percent, as compared with 9 percent 
of patients with higher values (P<0.05). On univari- 
ate analysis, deletion of chromosome 13 was predic- 
tive of an unfavorable response, but not on multi- 
variate analysis. 

Bone Marrow Response 

Bone marrow samples were obtained after one to 
nine months of therapy (median, three) in 48 patients. 
A paraprotein response was associated with a bone 
marrow response in 81 percent of the patients who 
could be evaluated (Table 2). In seven of the eight 
patients with at least a 90 percent reduction in para- 
protein levels, the concurrcndy examined bone mar- 
row specimens contained less than 5 percent plasma 
cells. A decline in the percentage of plasma cells in 
bone marrow by at least 50 percent occurred in only 
4 of 27 patients with no paraprotein response (15 per- 
cent) who had follow-up bone marrow examinations. 
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Table 2. Paraprotein Bjbsponsb and Bone Marrow Response^ 





No. OF 












Patents 


AsStSi 


stmrr ofBonb 








(% OF total) 


Marrohv Rbskmsc 


Cumbmt Status 






TOTAL 


HQ. WITH 


no. WTTH 


NO. WHO 






NO.* 


RESK)NSB (%)t 


iLBUU>S£ (%) 


DI£D (%) 


Complcrc remisston 


2(2) 


2 


2(100) 


0 


0 


•»90% decrease in paraprotein 


6(7) 


6 


5 (83) 


2 


2 


>7S% decrei5C in paraprotein 


6(7) 


5 


3 (60) 


3 


1 


>50% decrease in paraprotein 


7(8) 


4 


4(100) 


K 


0 


>2S% decrease in paraprotein 


6(7) 


4 


3 (75) 


4 


3 


Total 


27 (32) 


21 


17 (81) 


12(44) 


6(22) 


No respoasc 


57 (68) 


27 


4(15) 




30 (53j 



*The response coxild not be evaluated in 6 of the patients with a paraprotein response and in 30 
of che patients with no paraprotein rcsponx. 

tA bone marrow response was defined as the presence of less than 5 percent plasma cells in bone 
marrow in patients who had a complete paraprotein response or at least a 90 percent reduction in 
paraprotein levels ancf as a reduction in plasma cells of at least 50 percent in patients with all other 
types of paraprotein responses. 




. . - - r 



>25% reduction In paraprotein 
>50% reduction in paraprotein 

>75% reduction in paraprotein 
>90% reduction In paraprotein 



-r 
8 



10 



2 4 6 8 10 ^ 14 
Months after the Start of Thalidomide 



Comptete response 



1 
16 



Rgure 1. Tinges to Various Paraprotein Responses* 

Among patients with a response, the median times to a reduction in the serum or urine paraprateir) 
level of at least 25 percent. 50 percent, 75 percent, and 90 percent were one, two, four, and four 
months, respectively. Seventy-eight percent of the responses at the lowest level (>25 percent reduc- 
tion) were apparent within two months after the Initiation of treatment. 



Microvascular Density of Bone Marrow 

The microvasctiJar density of bone marrow was 
scheduled to be assessed every 50 days for a total of 
seven measurements, including the pretreatment val- 
ue. At least one measurement of the microvascular 
density of bone marrow was made in 74 patients (88 
percent); two or more measurements were made in 
37 patients (44 percent). In all, measurements were 
made in 69 patients before treatment and (in 50- 
day increments) in 17 at time 2, in 22 at time 3, in 
11 at time 4, in 12 at time 5, in 4 at time 6, and in 
3 at time 7. The microvascular density of bone mar- 
row and the percentage of plasma cells in bone mar- 
row correlated significantly at all times except the last 
(r>0.5, P^O.Ol). Although the microvascular den- 
sity of bone marrow decreased markedly in some pa- 



tients with a complete or nearly complete remission, 
estimates of the slope were not significantly different 
firom zero among those with a response (P=0.39j 
and those without a response (P= 0.22). 

Other Changes 

The percent changes firom base line to the time of 
the maximal response among patients with a response 
and the time of the last follow-up visit among those 
without a response were assessed for bcta^-micro- 
globulin, C-reactive protein, lactic dehydrogenase, 
creatinine, albiunin, and hemoglobin levels and the 
platelet count. Hemoglobin levels mcrcased only in 
patients with a response (median increase, 11 percent; 
P<0.001 for the comparison with base line values). 
Serum levels of beta^-microglobulin rose (median in- 
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crease, 43 percent; P<0.001) and scrum albuxnin lev- 
els fell (median decrease, 4 percent; P<0.001) signifi- 
cantly in patients with no response. Serum creatinine 
levels did not change significantly in patients with a 
response, and they increased by a median of 13 per- 
cent in those without a response (P<0.001), 

Adverse Effects 

Side effects reported by at least 10 percent of pa- 
tients at most dose levels are listed in Table 3. Most 
adverse effects were mild or moderate (grade 1 or 
2 according to the system of classification of the 
Worid Health Organization). Constipation, weakness 
or fatigue, and somnolence occurred in one third or 
more of the patients. Reports of grade 3 or 4 adverse 
effects were infircquent (less than 10 percent in all 
cases). One quarter of the patients had no appreciable 
side effects at the 200-mg dose, whereas virtually all 
patients had adverse effects of gralie 1 or 2 at higher 
doses. Fewer than 5 percent of patients had grade 1 or 
2 leukopenia at any dose, and grade 3 or 4 thrombo- 
cytopenia or anemia occurred in only three patients. 
In most of the patients who had no response, pre- 
trcatment anemia or thromboq^openia did not wor- 
sen, whereas significant inaeases in the hemoglobin 
levels occurred in patients with a response. Nine pa- 
tients could not tolerate thalidomide (four with a re- 
sponse and five with no response) and discontinued 
treatment after a median of 36 days (range, 10 to 
241). In eight patients, an increase in scrum creati- 
nine levels of more than 50 percent was related to 
progressive disease, with increasing Bence Jones pro- 
teinuria. One of the patients with a response died 
suddenly on day 37 of treatment. The death was 
thought to be related to sepsis, although a possible 
contribution of thalidomide could not be ruled out. 

Time to Progression, Event-free Survival, 
end Overall Survival 

Of the 27 patients with a decrease in paraprotein 
levels of at least 25 percent, 12 had a recurrence of 
the disease. After a median follow-up of 14,5 months 
(range, 12 to 16), the median time to progression 
had not been reached. The disease in a mean (±SE) 
of 44±10 percent of patients was judged to have pro- 
gressed at 12 months. The median cvent-fi'ce survival 
for all 84 patients was three months (Fig. 2). After 12 
months of follow-up, 22 ±5 percent of the 84 patients 
remained event- free and 58 ±5 percent were alive. 
Nineteen patients were still receiving thalidomide 4 to 
15 months after starting the treatment (median, 13), 
including 15 patients with a response and 4 with no 
response who had had some improvement in various 
disease indicators but who had not had a decrease in 
paraprotein levels of at least 25 percent. Multivariate 
analysis indicated diat increases in lactic dehydrogen- 
ase levels (P=0.001), the plasma-cell-labcling index 
(P=0.006), and C-reactive protein levels (P=0.007) 



Table 3. Incidence of Grade 1 or 2 Adverse Effects. • 



ADvIkSc c>m, i 




Dose Of Tl 






• ■ 




400 mg/DAY 


600 mg/OAT 


OW U*K/ LfnM 






(N=72) 




(N=46) 






percentago of patlontst 








44 


44 




Weakness or 


29 


31 


39 




faricnic 










Somnolence 




43 


40 


43 


Tingling or 


12 4 


14 


19 


28 


numbness 










Dizziness 


17 


25 


23 


28 


Rash 


16 


18 


21 


26 


Mood changes 


16 


24 


23 


22 


or depression 










Incoordination 


16 


17 


14 


22 


Tremors 


10 


13 


19 


22 


Edema 


6 


10 


12 


22 


Nausea 


12 


15 


23 


11 


Headache 


12 


ID 


14 


11 



*The classification system of the World Health Organization was used. 
Grade 1 effects arc mild, and grade 2 are moderate. 



-f Values are the percentages ofpatienu at each dose level. 



were all predictive of a brief period of event-free sur- 
vival, whereas low albumin levels (P<0.001), the de- 
letion of chromosome 13 (P-0.004)^ and high num- 
bers of plasma cells in bone marrow (P=0.05) were 
associated with a relatively short overall survival* 

Thalidomide was discontinued after a median of 
S2 days (range, 2 to 286) because of a lack of response 
in 53 patients (4 patients continued to receive the 
drug without a response) and because of relapse in 
12 patients who had had a response. One patient who 
had a decrease in the paraprotein level of at least 25 
percent and who had not previously received high- 
dose therapy subsequentiy underwent autologous 
stem-cell transplantation at his own request. As of 
June 17, 1999, 36 patients had died, including 30 pa- 
tients without a response who died of progressive 
disease or complications of subsequent salvage ther- 
apy, as well as 6 patients with a response who subse- 
quentiy relapsed and died of progressive disease (3) or 
toxicity from salvage therapy (3). 

DISCUSSION 

We found that thalidomide bad substantial antitu- 
mor activity in patients with advanced myeloma. Ten 
percent of patients had complete or nearly complete 
remission, and 32 percent had a reduction in serum 
or urine paraprotein levels of at least 25 percent. In 
most patients, the decline in paraprotein levels was 
accompanied by a reduction in the percentage of plas- 
ma ccUs in bone marrow and an increase in hemo- 
globin levels, both of which are consistent with the 
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Overall survival 




EvQnt'free survival 



6 8 10 

Months after the Start of Thalidomide 



No. AT Risk 

Overall survival 84 78 89 64 58 
Event-free survival 84 65 39 32 24 



56 
19 



51 
18 



34 
11 



Figure 2. Kaplan-Meier Estimates of Overall Survival and Evont-free Survival. 
Event-free survival was catcutated from the start of thalidomide therapy to prograssion, removal from 
the study for any mason, death from ariy causa, or the last follow-up visit whichever occunod first I bars 
indicate standard errors at 12 months. 



presence of a true antitumor eflfea. Although not ex- 
amined quantitatively, bone pain decreased markedly 
in patients with a response. We did not evaluate lytic 
bone lesions, which seldom heal, even in patients with 
a sustained complete remission. 

Thalidomide has a number of properties that could 
eacplain its activity in myeloma; it can alter the expres- 
sion of adhesion molccidcs,^ suppress the ptx)duction 
of tumor necrosis factor a,^ increase the production 
of intcrlcukin-10,37 and enhance cell-mediated im- 
munity by directly stimulating cytotoxic T cclls.2« Its 
interactions with type 1 and type 2 helper T cells pro- 
duce complex effects on the levels of cytokines such as 
interlcukin-4, intcrlcukin-S, and intcrfcron-y.^^ Tha- 
lidomide also increases the total number of lympho- 
cytes as well as CD8+ and CD4+ T-cell counts, along 
with substantially increasing mean plasma levels of 
soluble interlcukin-2 receptor.^ 

Thalidomide has been shown to irJiibit angiogcn- 
csis induced by fibroblast growth factor and vascular 
endothelial growth factor in a rabbit-cornea micro- 
pocket assay' and a murine model of corneal vascu- 
larization, It has also been shown to cause apoptosis 
of established tumor-associated angiogcncsis in exper- 
imental modcls.io The bone marrow of patients with 
hematologic cancers shows extensive vascularity, 12,13 
which has prognostic Implications in myeloma J* The 
apparent lack of a consistent decrease in the microvas- 
cular density of bone marrow in patients in whom 
thalidomide had a marked antitumor cffea requires 
further study. The persistence of extensive vascular- 
ization in some patients with a response is consistent 
with the finding of persistent ncovascularity in pa- 
tients with multiple myeloma who had a response to 
high-dose chemothcrapy.is The production of an- 



giogenic cytokines such as fibroblast growth factor 
and vascular endothelial growth factor by undetect- 
able residual myeloma cells may sustain the increased 
microvascular density of bone marrow in patients con- 
sidered to be in remission on the basis of bone mar- 
row findings. The persistence of extensive vasculariza- 
tion in patients with a response makes it seem likely 
that the antimyeloma action of thalidomide depends 
on more than one of the actions of the drug out- 
lined above. The mouse model of severe combined 
immunodeficiency, which can be used for the in vivo 
growth of primary human myeloma cells, is ideally 
suited to study the mechanisms by which thalidomide 
induces responses in mycloma.^o 

The antitumor properties of thalidomide are being 
evaluated in various malignant diseases,^! 36 aldiough 
only limited efficacy data arc available so far. Pro- 
longed responses to dfialidomidc in some patients with 
advanced reflectory disease suggest that the mecha- 
nism of action of thalidomide is distincdy different 
bom that of the other agents active against myeloma. 
The absence of myclosuppressivc and other impor- 
tant adverse effects suggests that thalidomide could 
be an ideal agent for use in combination with che- 
motherapy. Indeed, a complete remission has been 
achieved with such an approach, in several patients 
with myeloma who had no response to treatment with 
citiicr regimen aJonc^ This approach has also been 
shown to have greater antitumor activity than chemo- 
therapy alone in a murine model of breast canccr.^^ 
In our study, most patients had adverse effects, 
but the majority of these reactions were mild or mod- 
erate. Reducing the dose of thalidomide alleviated die 
effects in most cases, and only nine patients discon- 
tinued tiicrapy altogether. The gradual reduction in 
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drowsiness and fatigue in some patients with contin- 
ued treatment at the same dose (data not shown) sug- 
gests the occurrence of tachyphylaxis. 

We conclude that thalidomide is active against mul- 
tiple myeloma, even in patients who relapsed after 
repeated cycles of high-dose chcmotiierapy. Larger 
studies of thalidomide, its analogues, and other in- 
hibitors of angiogcnesis are therefore warranted in 
patients with myeloma and other cancers. We arc 
currcntly evaluating thalidomide in combination with 
chemotherapy for patients with newly diagnosed mul- 
tiple myeloma. 
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Summary. We have treated 17 refractory or relapsed 
multiple myeloma patients resistant to chemotherapy with 
thalidomide at a dose of 200-800 mg/day. Eleven patients 
responded, five of whom had a very good partial response 
(> 75% decline in M protein) and another five exhibited a 
partial response (> 50% decline In M protein). Except for one 



patient, treatment was well tolerated with only mild side- 
effects. Thalidomide should be included In the therapeutic 
options for refractory myeloma. 

Keywords; multiple myeloma, thalidomide. 



Currently available therapies for multiple myeloma (MM) 
may produce temporary remissions but. ultimately, the 
disease has a fatal course. Patients with refractory or 
relapsed disease. In particular, have a very dismal prognosis, 
and even autologous or allogeneic stem cell transplants have 
either a limited impact on survival or are feasible only in 
selected patients (Anderson et al, 1999). Therefore, the 
recent communications from researchers at the University of 
Arkansas on the marked antlmyeloma effect of thalidomide 
(Sin^hal et al, 1998) were most exciting and prompted us to 
conduct a pilot trial on a group of 1 7 patients with refractory 
or relapsed MM. 

patii-nts and methods 

Patients 

I'hc characteristics of patients are presented In Table I. There 
were 1 1 men and six women aged 44-68 (median 53) years, 
rhalldomide was started 1-11 (median 2* 5) years after 
diagnosis. Patients had previously received one to six 
{median 3) regimens of chemotherapy, and nine had 
undergone high-dose chemotherapy with melphalan and 
litoposide with peripheral blood stem cell support. All 
patients had progressive disease not responding to chemo- 
therapy At least 1 month elapsed between the last therapy 
and the start of thalidomide treatment. 

Trmtment 

thalidomide was kindly supplied by Grunenthal (Thalldomid 

Cor res txm deuce: Professor Isaac Ben-Bassat. Institute ofHaematol- 
oto'. The Chaim Sheba Medical Centre, Tel-Hashomer. 5262 1 Israel. 



Grilnenthal 100) and was given as recommended by Singhal 
et fl/ (1998) starting at 200 mg daily and escalating 
according to tolerance every fortnight up to a maximum of 
800 mg dally. Supportive care and monthly pamldronate 
Infusions were the only other treatments allowed. 

Evaluation of response 

Only patients who received at least 6 weeks of treatment 
were included. Ail patients were assessed for their disease 
and questioned about the side-«ffects of thalidomide every 
1-2 weeks. Complete blood counts, serum and M protein 
levels and urinary Bence Jones levels were performed 
regularly. Response was assessed according to the maximal 
decline In the M protein in serum or urine. Complete 
remission (OR) was defined as the disappearance of ttie M 
protein and normalization of all laboratory values; very good 
partial response (VGPR) was defined as ^ 75% decline in the 
M protein; partial response (PR) was defined as & 50% 
decline In the M protein: minimal response (MR) was defined 
as >25% decline in the M protein. Non-responders had 
either stable (SD) or progressive disease (PD). Performance 
status was assessed according to the Zubrod scale and pain 
severity by the WHO three-step pain ladder. 

RESULTS 

Table II summarizes the maximal thalidomide dosage 
administered, the duration of treatment and the response 
to treatment. Eleven out of the 1 7 patients (64%) responded: 
five had VGPR; five had PR and one had MR. while six failed 
to respond (five with PD and one with SD). one of whom died 
from progressive disease (case 2). One PR patient died from 
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Tabic 1. Patient characteristics. 



k 1 

No. 


Gender 


Age (years) 


M protein 


Time from diagnosis (years) 


Previous treatment 


1 


F 


46 


IgC* 


7 


VAa HD-CTX, SCT 


Z 


M 


48 


BJ-ir 


3 


VMCP/VBAP. VAD, CTX. SCT 


3 


M 


44 


IgA-X 


4-5 


VAD. SCT, DCEP. HD-CTX 


4 


P 


52 


IgG-it 


4 


VAD. SCT. VAD 


5 


M 


58 


Non-secreting 


3-5 


VAD. SCT 


h 


F 


49 


\gG-K 


3-5 


VMCPA^BAP, VAa SCT, MP, IDA.CTX 


7 


F 


49 


IgG-K 


2 


VAD, DEX. HD<rrX. MP 


8 


F 


53 


JgG-r 


1-5 


VAD, HD-CTX. CM 


9 


M 


66 


IgG-« 


2 


VAD. MP. CTX 


10 


M 


64 


IgG-« 


2 


VAD, HD-CTX, SCT 


11 


M 


47 




2 


VAD. SCT, VAD, HIKTX. DCEP 


12 


M 


54 


IgG-« 


2-5 


VAD, CTX. SCT. DCEP 


13 


M 


44 


IgG-X 


2 


VAD. HIKTX. HD-M 


14 


F 


68 


IgA 


4 


MP 


15 


M 


61 


BI-X 


1 


VAD. HD-CrX. MP 


16 


M 


63 


IgG-« 


11 


VMCP. MP. CrX, DEX, IDA 


17 


M 


67 


IgA-X 


2-5 


VMCP. DEX. fflMnX DCEP, CM 



VAD. vincristine, doxorubicin, dexamethasone: HDCDC. high-dose cyclophosphamide: SCT, htgh-dose chemotherapy with stem cell 
transplantation: VMCPATBAP. vincristine, rndphalan. cyclophosphamide, prednisone/vincristine, lomustine, doxorubicin, prednisone: MP. 
melphalan. prednisone: CTX. cyclophosphamide; DCEP. dexamethasone, cyclophosphamide, etopostde, cisplatln; IDA. idarublcln; DEX. 
dexamethasone; CM, cyclophosphamide, metphalan with peripheral blood stem cell support 



sepsis and renal failure (case 1). In all responders, except for 
the patient with renal failure (case 1) and the patient who 
discontinued treatment because o( toxicity (case 14), there 
was a concomitant rise in the haemoglobin to normal levels. 



The earliest time interval between the start of treatment and 
a measurable decrease in M protein was 2-3 weeks. AU 
responders had a clear decrease in the M protdn after 
1 month of treatment. Among the 11 responders. the 



Table 11. Thalidomide treatment charBCteristtcs and response to treatment 



Maximal IVeatment Baseline and maximal response 

dose duration M protein (g/I) Haemoglobin (g/dl) 



No. 


(mg/day) 


(months) 


Before 


After 


Before 


After 


Response* 


Comments 


1 


600 


3 


83 


26 


6-8 


8*6 


PR 


Died from renal failure, sepsis 


1 


800 


2 


1-Ot 


7-Ot 


8-9 


9-3 


PD 


Died from progressive disease 


1 


800 


6 


52 


57 


8-4 


8-4 


PD 




4 


600 


5 


40 


09 


9-6 


13-6 


VGPR 


Normal BM 


5 


800 


3 


35* 


<5t 


10-6' 


13-7 


VGPR 


Normal BM 


6 


400 


6 


45 


9-0 


90 


12-6 


VGPR 




7 


8(X1§ 


7 


48 


2-0 


6-9 


12-3 


VGPR 




8 


800 


2 


41 


53 


9-3 


9-3 


PD 




9 


8(X) 


5 


68 


45 


8-0 


'12-0 


PR 




U) 


800§ 


4 


25 


11 


9-8 


12-4 


PR 




11 


600 


3 


7-2t 


4-7t 


9-6 


' 11-0 


MR 




12 


600 


3 


42 


10 


9-7 


12-1 


VGPR 


Normal BM 


1 ] 


600 


3 


43 


22 


10-7 


12-2 


PR 


Response duration 2 months 


14 


6l)0§ 


2-5 


32 


19 


7-0 


8-5 


PR 


Discontinued because of toxicity 


15 


800§ 


4 


8-Ot 


8-3t 


9,9 


9-2 


PD 


Renal failure 


16 


200 


3 


85 


109 


8-2 


8-9 


PD 




17 


600 


2 


36 


36 


8-7 


9-0 


SD 





*See text for definition of response. 
|Bi proteinuria (g/day). 

*Non -secreting myeloma (percentage of BM plasma cells). 
§Dosc reduction required eventually. 
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performance status was unchanged in Ave and improved 
from scale 1 (symptomatic, fully ambulatory) to 0 (asympto- 
matic) in four patients and from scale 2 (symptomatic, in bed 
< 50% of the day) to 0 in one patient. The pain score was 
unchanged in six responders. all of whom were free of pain 
before and during the study, and decreased in four patients 
from scale 1 (requiring non-opiold analgesics) to pain-free 
status. One patient who was on opioid analgesics (scale 2) 
became pain free. AU patients were normocalcaemlc before 
and during treatment. 

Treatment was generally well tolerated, but one PR 
patient (case 14) had significant neurological signs and 
symptoms requiring discontinuation of the drug. Two 
months later, her disease progressed, and thalidomide was 
restarted again with response. Milder side-efTects were seen 
in most patients: 1 1 complained of somnolence; five of severe 
tiredness; and five had constipation. One patient had spells of 
diyainess. and one had bradycardia with fluctuations in blood 
pressure attributed to autonomic neuropathy. En four 
patients, side^ffects were severe enough to require dose 
reduction, but response was maintained in the two 
responders despite dose reduction. In one falling patient, 
the dosage could not be increased beyond 200 mg daily. Of 
the 1 1 responders. nine have continued their response for 3- 
8 months. In one (case 13). the response lasted for 2 months 
only, indicating the acquisition of resistance. 

DISCUSSION 

Most malignant tumours depend on anglogenesls to 
proliferate and metastasize (FoUanan. 1995). Angiogenesis 
plays an important role In haematological malignancies as 
well. Several studies have found that bone marrow 
angiogenesis was observed in patients with active MM and 
correlated with proUCeratlng activity and prognosis (Vacca 
et ai 1994. 1999; Munshi et al, 1998), Thalidomide has an 
inhibitory effect on angiogenesis, as shown in an animal 
model (D'Amato et al, 1994). and this could be the 
mechanism of its beneficial action in MM patients. However, 
thalidomide also has many other effects. Including immuno- 
modulation, which have been used in treating chronic graft 
versus host disease (GVHO) and erythaema nodosum 
leprosum. and these could play a role in the response of 
myeloma patients. 



Short Eeport 393 

Our small pilot study confirmed the Initial data presented 
by Singhal et al (1998) and showed a significant response in 
refractory MM patients. The effect of thalidomide in some of 
our patients was quite dramatic and changed them from 
symptomatic and transfusion dependent to being able to live 
an almost normal life. Thalidomide should therefore be 
included in the therapeutic options in refractory MM and 
should be explored In controlled studies in other phases of 
the disease as a single agent or in combination with 
chemotherapy. 
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Thalidomide and its analogs overcome drug resistance of human multiple 
myeloma cells to conventional therapy 

Teru Hideshima, Dharminder Chauhan, Yoshihito Shima. Noopur Raje, Faith E. Davies. Yu-Tzu Tai, Steven R Treon, Boris Lin, 
Robert L. Schlossman, Paul Richardson, George Muller, David I. Stirling, and Kenneth C.Anderson 



Although thalidomide (Thai) was ini- 
tially used to treat multiple myeloma 
(MM) because of its known antlanglo- 
genic effects, the mechanism of its 
anti-MM activity is unclear. These stud- 
ies demonstrate clinical activity of Thai 
against MM that is refractory to conven- 
tional therapy and delineate mecha- 
nisms of anti-tumor activity of Thai and 
its potent analogs (immunomodulatory 
drugs [IMiDs]). Importantly, these agents 



act directly, by inducing apoptosis or 
G1 growth arrest, in MM cell lines and In 
patient MM cells that are resistant to 
melphalan, doxorubicin, and dexameth- 
asone (Dex). Moreover, Thai and the 
IMiOs enhance the anti-MM activity of 
Dex and, conversely, are inhibited by 
interleukin 6. As for Dex, apoptotic sig- 
naling triggered by Thai and the IMiDs is 
associated with activation of related 
adhesion focal tyrosine kinase. These 



studies establish the framework for the 
development and testing of Thai and the 
IMiDs in a new treatment paradigm to 
target both the tumor cell and the micro- 
environment, overcome classical drug 
resistance, and achieve improved out- 
come In this presently incurable dis- 
ease. (Blood. 2000;96:2943-2950) 
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Introduction 



Thalidomide (Thai) was originally used in Europe for the treatment 
of morning sickness in the 1950s but was withdrawn from the 
market in the l%Os because of reports of teratogenicity and 
phocomelia associated with its use. The renewed interest in Thai 
stems from its broad spectrum of pharmacologic and immunologic 
effects.' Because of its immunomodulatory and anliangiogenic 
effects, it has been used to effectively treat erythema nodosum 
leprosum, an inilammatory manifestation of leprosy.- Potential 
therapeutic applications span a wide spectrum of diseases, includ- 
ing cancer and related conditions, infectious diseases, autoimmune 
diseases, dermatologic diseases, and other disorders such as 
sarcoidosis, macular degeneration, and diabetic retinopathy.-^ Re- 
cent reports of increased bone manow (BM) angiogenesis in 
multiple myeloma (MM).^""^ coupled with the known antiangio- 
genic properties of Thai,'' provided the rationale for its use to treat 
MM J imp<:)rtantly. Thai induced clinical responses in 32% of MM 
patients whose disease was refractory to conventional and high- 
dose therapy,^ suggesting that it can overcome drug resistance 
because of its alternative mechanisms of anti-MM activity. Besides 
alkylating agents and corticosteroids. Thai now, therefore, repre- 
sents the third distinct class of agents useful in the treatment 
of MM. 

Given its broad spectrum of activities. Thai may be acting 
against MM in several vvays.^ First, Thai may have a direct effect 
on the MM cell and/or BM stromal cell to inhibit their growth and 
survival. For example, free radical -mediated oxidative DNA 
damage may play a role in the teratogenicity of ThaP' and may also 
have ant i -tumor effects. Second, adhesion of MM cells to BM 
stromal cells both triggers secretion of cyU)kines that augment .MM 



cell growth and survival'" '- and coni'ers drug resistance'-'': Thai 
modulates adhesive interactions'** and, thereby, may alter tumor 
cell growth, survival, and drug resistance. Third, cytokines secreted 
into the BM microenvironment by MM and/or BM stromal cells, 
such as interleukin (IL)-6, IL-ip, IL-IO, and tumor necrosis I'actor 
(TNFV-a, may augment MM cell growth and survival,'- and Thai 
may alter their secretion and bioactivity.'^ Fourth, vascular endothe- 
lial growth factor (VEGF) and basic fibroblast growth factor 2 
(bFGF-2) are secreted by MM and/or BM stromal cells and may 
play a role both in tumor cell growth and survival, as well as BM 
angiogenesis.'^"' Given its known anliangiogenic activity,'' Thai 
may inhibit activity of VEGF, bFGF-2, and/or angiogenesis in 
MM. However, Singhal et al.*^ observed no correlation of BM 
angiogenesis with response to Thai, suggesting that it may not 
be mediating anti-MM activity by its antiangiogenic effects. 
Finally, Thai may be acting against MM by its immunomodula- 
tory effects, such as induction of a Thl T-ccll response with 
secretion of interferon gamma (IFN-7) and IL-2.'^ Already 2 
classes of Thai analogs have been reported, including phospho- 
diesterase 4 inhibitors that inhibit TNF-« but do not enhance 
T-cell activation (selected cytokine inhibitory drugs ISelCIDs]) 
and others that are not phosphodiesterase 4 inhibitors but 
markedly stimulate T-cell proliferation as well as lL-2 and 
IFN-7 production (immunomodulatory drugs ( IMiDs |).' 

In this study, we have begun to characterize the mechanisms of 
activity of Thai and these analogs against human MM cells. 
Delineation of iheir mechanisms of action, as well as mechanisms 
of resistance to these agents, will both enhance understanding of 
MM disease pathogenesis and derive novel treatment strategies. 
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Materials and methods 

MM-derived cell lines and patient cells 

Doxamethasonc (Dex)-scnsitive (MM. IS) and Dcx-rosistant (MM.IR) 
human MM coil lines were kinttly provided by Dr Steven Rosen (Northwest- 
em University, Chicago, IL). Doxombiein (Dox)-, miioxantrone (Mil)-, and 
melphalan (Mel)-sensitive and -resistant RPM 1-8226 human MM eells 
were kindly provided by Dr William Dalton (Moffitt Cancer Center. Tampa. 
FL). RPMI-S226 eells resistam to Dox. Mit. and Mel included Dox 6 and 
Dox 40 cells, MR20 cells, and LR5 cells, respectively. Hs Sultan human 
MM cells were {)btained from the American Type Culture Collection 
(Rockville, MD). All MM cell lines were cultured in RPMI-I640 media 
(Sigma Chemical, St Louis, MO) that contained 10% fetal bovine serum, 2 
mmol/L L-glutaniine (GIBCO, Grand Island, NY), 100 U/mL penicillin, 
and 100 jxg/mL streptomycin (GIBCO). Drug-resistant cell lines were 
cultured with either Dox. Mit, Mel, or Dex to confirm their lack of drug 
sensitivity. MM patient cells (%% CD38 TD45RA") were purified from 
patient BM samples, as previously described."* 

Thai and analogs 

Thai and analogs (Celgenc. Warren, NJ) were dissolved in DM SO (Sigma) 
and stored at -20"C until use. Drugs were diluted in culture medium 
(0.0001 to 100 )jlM) with < 0. 1 % DMSO immediately before use. The Thai 
analogs used in this study were 4 SelCIDs (SelCIDs 1, 2, 3, and 4). which 
are phosphodiesterase 4 inhibitors that inhibit TNF-« production and 
increase IL- 10 production from lipopolysacchiiride (LPS)-stimulated periph- 
eral bkxid mononuclear cells (PBMCs) but do not stimulate T-cell 
proliferation; and 3 IMiDs (IMiDMMiD2, and IMiD3), which do stimulate 
T-ccIl proliferation, as well as IL-2 and IFN-7 secretion, but are not 
phosphodiesterase 4 inhibitors. The IMiDs also inhibit TNF-«. IL-Ip, and 
IL-6 and greatly increase I L- 10 production by LPS-slimulated PBMCs. 

DNA synthesis 

DNA synthesis was measured as previously described.''^ MM cells (3 X lO'* 
cells/well) were incubated in %-weIl culture plates fCostar, Cambridge, 
MA) in the presence of media. Thai, SelCIDI. SelCID2, SelCID3. 
SelCID4, IMiDt, IMiD2, IMiD3, and/or recombinant IL-6 (.SO ng/niL) 
(Genetics Institute, Cambridge, MA) for 48 hours at 37X. DNA synthesis 
was measured by l-'Hl -thymidine ('H-TdR; NEN Products, Boston, MA) 
uptake. Cells were pulsed with -^H-TdR {0.5 p.Ci/well) during the last 8 
hours of 48-hour cultures, harvested onto glass filters with an automatic cell 
harvester (Cambridge Technology, Cambridge. MA), and counted by using 
the LKB Betaplatc scintillation counter (Wallac. Gailhersburg, MD). All 
experiments were performed in triplicate. 

Colorimctric assays were also performed to assay drug activity. Cells 
from 4S-hour cultures were pulsed with 10 ^jlL of .S mg/niL 3-(4,.*>- 
diniethyIthiazol-2-yl)-2,.S-diphenyl tetrasodium bromide (MTT: Chemicon 
International Inc. Temecula, CA) to each well for 4 hours, followed by 100 
l-iL isopropanol that contained 0.04 HCl. Absorbance readings at a 
wavelength of .S70 nm were taken on a spectrophotiimeter (Molecuhu- 
Devices Corp., Sunnyvale, CA). 

Cell cycle analysis 

MM cells (I X lO'') cultured for 72 hours in media alone. ^Fhal. IMiDi, 
IMiD2. and lMiD3 wore harvested, washed with phosphate-buffered saline 
(PBS), fixed with HY^r ctbanol, and pretrealcul with 10 fxg/mL of RNAse 
(Sigma). Cells were stained with propidium itxlide (PI; 5 p-g/mL; Sigma), 
and cell cycle profile was determined by using the program M software 
on an Fpics Mow cylometer (Coulter Immunology. Hialeah, FL), as in 
prior sliulics.'^*' 

Detection of apoptosis 

In atldition to itlentifying sub-G 1 cells as described above, apoptt>sis 
was also coniinned by using annex in V staining. MM cells were culturetl 
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in media (0.01% DMSO) or with 1 0 jimol/L of Thai or I jjimol/L IMiDl, 
IMiD2, and IMiD3 at 37°C for 72 hours, with addition of drugs at 
24-hour intervals. Cells were then washed twice with ice-cold PBS and 
resuspended (1 X lO'' cells/mL) in binding buffer ( 10 mmol/L HEPES. 
pH 7.4, 140 mmol/L NaCI, 2.5 mmol/L CaCL). MM cells ( I X 10-^) were 
incubated with annexin V-FITC (.S fiL; Pharmingen. San Diego. CA) and 
PI (5 fJLg/mL) for LS minutes at room temperature. Annexin V-fPI- 
apopiotic cells were enumerated by using the Epics cell sorter (Coulter). 

Immunoblotting 

MM cells were cultured with 10 p.mo\/L of Thai, IMiDl, IMiD2, or 
lMiD3: harvested; washed; and lysed using lysis buffer: 50 mmol/L 
HEPES (pH 7.4), 150 mmol/L NaCI, \% Triton-X 100, .30 mmol/L 
sodium pyrophosphate, 5 mmol/L EDTA, 2 mmol/L Na.iV04, 5 niniol/L 
NaF, 1 nimol/L phenylmethyl sulfonyl fluoride (PMSF), 5 |xg/mL 
leupeptin, and 5 ^jig/mL aprotinin. For detection of p2l. cell lysates 
were subjected to SDS-PAGE. transferred to polyvinylidene dilluoride 
(PVDF) membrane, and imniunoblotted with anti-p21 antibody 
(Ab; Santa Cruz Biotech, Santa Cruz, CA). The membrane was stripped 
and reprobed with anti-alpha tubulin Ab (Sigma) to ensure equivalent 
protein loading. For detection of p53, cell lysates were prepared from 
MM cells (2 X 10') with the use of lysis buffer. Lysates were incubated 
with anti-mutant (mt) or wild-type (wt) p53 monoclonal Abs (Calbio- 
cheni, San Diego, CA) and then immunoprecipitated overnight with 
protein A Sepharose (Sepharose CL-4B; Pharmacia. Uppsala, Sweden). 
Immune complexes were analyzed by immunoblotting with horseradish 
peroxidase-conjugated anti-p53 Ab reactive with both mt and wt p53 
(Calbiochem). 

To characterize growth signaling, immunoblotting was also done 
with anti-phospho-specific MAPK Ab (New England Biolabs, Beverly, 
MA) in the presence or absence of lL-6 (Genetics Institute) and/or the 
MEK 1 inhibitor PD98059 (New England Biolabs). as in prior studies. 2' 
Antigen-antibody complexes were detected by using enhanced chemilu- 
minescence ( Amersham, Arlington Heights, IL). Blots were stripped and 
reprobed with anti-ERK2 Ab (Santa Cruz Biotech) to ensure equivalent 
protein loading. 

To characterize ;ipoptotic signaling, MM cells were cultured with 100 
(xmol/LofThal, IMiDI . IMiD2, or IMiD3; harvested; washed; and lysed in 
1 mL of lysis buffer (50 mmol/L Tris, pH 7.4, 150 niM NaCI, 1% NP-40, 5 
mniol/L EDTA. 2 mmol/L Na3V04, 5 mmol/L NaF, I mmol/L PMSF. 5 
jjLg/niL leupeptin, and 5 |xg/mL aprotinin), as in prior studies. Lysates 
were incubated with anti-related adhesion focal tyrosine kinase (RAFTK) 
Ab for 1 hour at 4 'C and then for 45 minutes after the addition of protein 
G-agarose (Santa Cruz Biotech). Immune complexes were analyzed by 
immunoblotting with anti-P-Tyr Ab (RC20; Transduction Laboratories, 
Lexington, KY) or anti-RAFTK Abs. Proteins were separated by electro- 
phoresis in 7.5% SDS-PAGE gels, transfened to nitrocellulose paper, and 
analyzed by immunobU)tting. The antigen-antibody complexes were visual- 
ized by chemiluminesccnce. 

Statistical analyses 

Statistical significance of differences observed in drug-treated versus 
control cultures was determined by using the Student / test. The minimal 
level of significance was /' < .05. 



Results 

Treatment of MM patients with Thai 

Sevctttccti (39%) of 44 patients with MM treated at our iii.stitiitc 
responded (o Th;il (Table I ). This re.sponse included 6 men atid 1 1 
women. These patients had received a median of 4 (1-9) prior 
trcalnienl regimens, and 10 patients had a prior high-do.se therapy 
:i!id hemattipoictte stem cell transplant. One p;itient achieved 
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Table 1 . Response to thalidomide In multiple myeloma* 
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(oaiiy maiiuomioe aose) 


1 


M 


3 


Yes 


~ 58% (PR) 


8.5 


200 mg 


Continued response (200 mg) 


2 


F 


5 


No 


- 78% (PR) 


6.0 


400 mg 


Continued response (400 mg) 


3 


F 


1 


Yes 


}■ 16%(SD) 


6.5 


100 mg 


Continued response (lOOmg) 


4 


M 


6 


No 


- 56% (PR) 


9.0 


200 mg 


Continued response (200 mg) 


5 


F 


1 


No 


- 62% (PR) 


5.5 


200 mg 


Continued response (50 mg) 


6 


F 


5 


Yes 


~ 100%(CR) 


13 


500 mg 


Continued response (50 mg) 


7 


M 


9 


Yes 


- 54% (PR) 


10 


800 mg 


Progressed (800 mg) 


6 


F 


5 


Yes 


- 68% (PR) 


4.0 


200 mg 


Continued response, discontinued 


Q 


c 

r 


c 
D 


(NO 


~ yU7o(rn) 


7.5 


400 mg 


Continued response (400 mg) 


10 


M 


5 


Yes 


" 9%(SD) 


1.5 


400 mg 


Progressed 


11§ 


F 


4 


Yes 


- 59% (PR) 


5.5 


400 mg 


Progressed 


12§ 


M 


4 


Yes 


- 64% (PR) 


7.0 


400 mg 


Progressed 


13§ 


F 


3 


Yes 


" 14% (SO) 


4.5 


400 mg 


Progressed 


14§ 


F 


2 


Yes 


- 55% (PR) 


4.0 


800 mg 


Continued response (800 mg) 


15 


F 


1 


No 


- 31%(SD) 


6.0 


400 mg 


Continued response (400 mg) 


16 


F 


1 


No 


~ 12% (SO) 


4.5 


400 mg 


Progressed 


17 


M 


2 


No 


- 55% (PR) 


6.0 


200 mg 


Continued response (100 mg) 



*As of January 1 , 2000. 
tMale (M) or female (F). 

:^PartiaI response (PR) is ^ 50% decrease in M protein; complete response (CR) is absence of M protein on immunoftxation and normal bone marrow biopsy; stable 
disease (SO) is 50% decrease in M protein; progression is ^ 25% increase in M protein or progressive clinical disease. 
§Also received decadron therapy. 
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Figure 1. Effect of Thai and analogs on DNA synthesis of MM ceil lines and 
patient cells. MM. IS (A) and Hs Sultan (B) cells were cultured with increasing 
concentrations (0.0001-100 pM) of Thai (♦), IMiDI (■), !MiD2 (•).and IMiD3 (A). (C) 
MM. IS cells were cultured with increasing concentrations (12.5-100 jiM) of SelCIDl 
(♦). SelC!D2 (■). Se!ClD3 (A), and SelC[D4 (•). In each case ^H-TdR uptake (left 
panels) or MTT cleavage (right panels) were measured during the last 8 and 4 hours, 
respectively, of 48-hour cultures. Values represent the mean (i SD) ^H-TdR (cpm) or 
absortiance of triplicate cultures. 



complete response (absence of monoclonal proiein on immunoftx- 
ation and normal BM biopsy), 1 1 patients achieved partial response 
(> 50% decrease in monoclonal protein), and 5 patients achieved 
stable disease (< 50% decrease in monoclonal protein). Patients 
received a median of 400 mg (range, 100-800 mg) maximum dose 
of daily Thai for a median of 6 months (range, 1 .5-13 months). As 
of January 1 , 2000, 1 1 patients have continued response at a median 
of 6 months (range, 4- 1 3 months), and 6 patients have progressed at 
a median of 4.5 months (range, 1.5-10 months). 

Effect of Thai and analogs on DNA synthesis by MM cell lines 
and patient MM cells 

The effect of Thai and its analogs, including IMiDI, IMiD2, 
IMiD3. SclCIDl, SelCID2, SelCID3, and SelCID4. on DNA 
synthesis of MM cell lines (MM. IS, Hs Sultan. U266, and 
RPMN8226) was determined by measuring ""H-TdR uptake during 
the last 8 hours of 48-hour cultures, in the presence or absence of 
dmg at various concentrations. IMiDI, IMiD2. and IMiD3 inhib- 
ited ^H-TdR uptake of MM. IS (Figure 1 A) and Hs Sultan (Figure 
IB) cells in a dose-dependcni fashion. Fifty percent inhibition of 
proliferation of MM. 1 S cells was noted at 0.01-0. 1 jxinol/L IMiDI , 
O.M.O \x\m\/L IMiD2. and 0.1-1.0 )xmol/L IMiD3 {P < .(K)l). 
Fifty percent Inhibition of proliferation of Hs Sultan cells was 
noted at 0.1 fxmol/L IMiDI. 1.0 fxmol/L IMiD2. and 1.0 ^xmol/L 
IMiD3 {P< .001). In contrast, only \57o and 20% inhibition in 
MM. IS and Sultan cells, respectively, were observed in cultures at 
even higher concentrations (100 ixniol/L) of Thai. No significant 
inhibition of DNA .synthesis of U266 MM cells was ru)ted in 
cultures with 0.001 to 100 ^xmol/L Thai or these IMiDs (data not 
shown). The effects of these drugs on proliferation were conftmicd 
by using MIT assays for MM. IS cells (Figure I A) and lis Sultan 
cells (Figure IB). Although there was also a dose-dependent 
inhibition of proliferation of MM. IS cells by SelCIDs. 50% 
inhibition was ob.servcd only at high doses ( 100 jjimol/L) for only 2 
of the 4 SelCIDs (SelCIDs I and 3, Figure IC). Funher studies, 
therefore, focused on Thai and the IMiDs. 
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Effect of Thai and analogs in DNA synthesis of MM cells 
resistant to conventional therapy 

To examine whether there was cross- resist a nee between Thai and 
the IMiDs with conventional therapies, RPM 1-8226 MM cells 
resistant to Dox (Do,\6 and Dox4() cells). Mil (MR20 cells), or Mel 
(LR5 cells), and MM.IR cells resistant to Dcx were similarly 
studied. Proliferation ol' Dox6 and Dox40, MR20. LR5, or MM I .R 
cells is imalTectcd by culture with 60 nmol/L and 400 nmol/L Dox, 
20 nmo!/L Mit, 5 jxmol/L Mel, and 1 y.mo\/L Dex, respectively 
(data not shown). Importantly, -^H-TdR uptake of Dox 6, Dox 40, 
MR20. or LR5 was inhibited in cultures with Thai and the IMiDs in 
a dose-dependent manner (1-100 |xmol/L) versus media alone 
cultures (Figure 2A-D). For example, 10 |xmol/L IMiDl blocked 
proliferation of Dox6, Dox40, MR20. and LR5 cells by 20%, 33%, 
32%, and 21%, respectively < .001). The I.MiDs similarly 
inhibited DNA synthesis of MM.IR cells in a dose-dependent 
fashion, with more than 50%' inhibition at more than I ixmol/L 
IMiDl (P<.001; Figure 2E). These data suggest independent 
mechanisms of resistance to Dox, Mil, .Mel, and Dex versus Thai 
and its analogs. 

Effect of Dex and IL-6 on response of MM cells 
to Thai and the ImiDs 

To determine whether the effects of Thai and the IMiDs are 
additive with conventional therapies, we next examined the effect 
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of Dex (0.001-0. 1 ^Jlmol/L) together with I |xm6l/L Thai or IMiDs 
on proliferation of Dex-sensitive MM. IS cells. As can he seen in 
Figure 3A, the IMiDs ( 1 |xmol/L) significantly inhibited -^H-TdR 
uptake of MM. IS cells (60%-75% block. A' < .01). and Dex 
(0.001-0,1 pimol/L) increased this inhibition in a dose-dependent 
fashion. For example, doses of 0.001 to 0.01 ixmol/L Dex added to 
1 |xmol/L IMiDl increased the inhibition of proliferation by 35% 
relative to cultures with 1 (xmol/L IMiDl alone {F < .01), Given 
the additive effects of Dex and the IMiDs, as well as the known role 
of IL-6 as a growth factor and specific inhibitor of Dex- induced 
MM cell apoptosis.''^'----^ we also examined whether exogenous 
IL-6 could overcome the inhibition of DNA synthesis triggered by 
Thai and the IMiDs. Figure 3B demonstrates that IL-6 (50 ng/mL) 
triggers DNA synthesis of MM. IS cells in cultures with media 
alone, as well as in cultures with the IMiDs (0. 1 and I ijimoI/L). 

Effect of Thai and analogs on DNA synthesis 
of patient MM cells 

The effect of Thai and the IMiDs on DNA synthesis of patient MM cells 
was next examined (Figure 4). As was true for MM. IS and Hs Sultan 
MM cell lines, -'H-TdR uptake of patients' MM cells was also inhibited 
by IMiDs (0.1-100 |xmol/L) in a dose-dependent fashion, whereas the 
inhibitory effect of Thai, even at IOO ]xmol/L. was not significant. Fifty 
percent inhibition of MM patient cells was observed at 100 jxmol/L 
(Figure 4A) and 1 |jimol/L (Figure 4B) IMiDl, respectively (P < .001). 
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Figure 2. Effect of Thai and analogs on DNA synthe- 
sis of IVIM cells resistant to conventional therapy. 

Dox-reslstant Dox6 (A) and Dox 40 (B), Mit-resistant 
(MR20: C). and Mel-resistant (LR5; D) cells were cultured 
with control media (□) or 1 ^mol/L (fS), 10 jimol/L (ID). 
100 jirnol/L (■) of Thai. IMiDl. IMiD2. or IMiD3. Values 
represent the mean (r SD) ^H-TdR (cprn) of triplicate 
cultures. (E) Dex-resistant MM.IR cells were cultured in 
control media (O) or with 0.1 nmol/L (^), 1 (imol/L ([(3). 
10 jimol/L (IS), or 1 00 nmol/L (■) of Thai. IMiDl . lMtD2, or 
IMiD3. 
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Figure 3. Effect of Oex and IL-6 on response of MM cells to That and the IMIDs. 

(A) MM. IS cells were cultured with 1.0 ^M Thai. IMiD1 , IMiD2, or IMiD3 in control 
media alone (□) or with 0.001 P), 0.01 (g). and 0.1 M.mol/L (■) Dex. (B) MM.1 S cells 
were cultured in control media alone and with 0.1 and 1.0 ^mol/LThal, IMtOI , IMiD2, 
or IMiDS either in the presence (□) or absence (■) of IL-6 (50 ng/mL). In each case, 
^H-TdR uptake was measured during the last 8 hours of 48-hour cultures. Values 
represent the mean (± SD) ^H-TdR (cpm) of triplicate cultures. 

Effect of Thai and analogs on cell cycle profile of MM cell lines 
and patient MM cells 

To further analyze the mechanism of Thai- and IMiD- induced 
inhibition of DNA synthesis and to determine whether these drugs 
induced apoptosis of MM ceils, we first examined the cell cycle 
profile of MM. IS, Hs Sultan ceils, and patient MM cells cultured 
with media alone, Thai (10 ^xmol/L), or the IMiDs (I fxmoI/L). 
Cells were harvested from 72-hour cultures and stained with PI. As 
shown in Figure 5A, all 3 IMiDs. and Thai to a lesser extent, 
increa.sed suh-G I .VIM. IS cells. Induction of apoptosis occurred at 
the dose- response curve noted (or inhibition of proliferation. 
Twelve-hour cultures with Dex ( H) ijimol/L) served as a positive 
control for triggering increased siib-Gl cells. In contrast, no 
increase in sub-G 1 cells was ^)bservod in cultures of Hs Sulian cells 
or of patient MM cells with Thai or the IMiDs. Importantly, Thai 
and the IMiDs induced Gl growth arrest in both Hs Sultan cells and 
in AS patient MM cells. 

To confirm these results, we perfo i*med annex in V staining of 
cells in these cultures. As can be seen in Figure 5B. the percentage 
of annexin V-ptisitivc cells in cullures of MM. IS cells with Thai. 
IMiDl. IMiD2, and IMiD3 was 32%. 55%. 5l7n, and 43%. 
respectively. Forty-six percent of anncxin V staining was observed 
in cullures with Dex. whereas only 22% annex in V-positive cells 
were present in cullures with media alone. The percentage of 
annex in V-positive Hs Sultan cells and AS patient MM cells was 



4% to 7%, respectively, under all culture CH)nditions and was not 
increased by Thai or the IMiDs, 

Effect of Thai and analogs on p21 expression in MM cell lines 
and patient celts 

We next correlated these distinct biologic sequelae of Thai and the 
IMiDs with p2l status in MM. IS versus Hs Sultan and patient MM 
cells. As can be seen in Figure 6A, p2l expression was down-ncgulated 
by the IMiDs. as well as by Dex, in MMl.S cells; and IL-6 overcomes 
this inhibitory effect. In contrast, the IMiDs up-regulated p21 in Hs 
Sultan cells and patient MM cells. Immunoblotting with anti-tubulin Ab 
continmed equivalent protein loading. Wt-p53 was recognized in 
MM. IS cells, whereas both wt- and mt-p53 were recognized in Hs 
Sultan cells and patient MM cells (Figure 6B), These studies further 
support the observation that Thai and the IMiDs can induce either 
apoptosis or Gl giDwth arrest in sensitive MM cells, and they are 
consistent with Thai and IMiD p53-mediated down-regulation of p2l 
and susceptibility to p53-mediated apoptosis in MM. 1 S cells, in contrast 
to induction of p21 and growth arrest in Hs Sultan cells and patient 
MM cells, conferring protection from aptjptosis. 

Effect of Thai and analogs on growth and apoptotic signaling 
in MM.1S and MM.1 R cells 

We have previously characterized signaling cascades mediating 
MM cell growth and apoptosis, as well as the ant i apoptotic effect of 
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Figure 4. Effect of Thai and analogs on DNA synthesis of patient MIW cells. MM 

cells from patient t (A) and patient 2 (B) were cultured with control media (□) or with 
0.1 ^mol/L (fS). 1.0 jimol/L ([0). 10 ^imot/L (m). and 100 M-mol/L (■) Thai. IMiDl. 
IMiD2. or iMiD3. in each case. -''H-TdR uptake was measured during the last 8 hours 
of 48-hour cultures, Values represent the mean ( - SD) ^H-TdR (cpm) of triplicate 
cultures. 
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Figure 5. Effect of Thai and analogs on celt cycle 
profile of MM cell lines and patient MM cells. {A) 

MM.1S celts, Hs Sultan cells, and patient MM cells were 
cultured witti 10 ^lmol/L of Thai or 1 jimol/L of IMiDl, 
IMiD2. or lMiD3 for 72 hours. Cultures In media control 
alone sen/ed as a negative control and 18-hour cultures 
with 10 ^mot/L Dex as positive controls. Cells were then 
stained with PI. and cell cycle profile was determined by 
flow cytometric analysis. (B) These MM. IS (■), Hs 
Sultan P), and patient MM (□) cells were also stained 
with annexin V as an additional assay for apoptosis. 
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Because we hiivc shown thai IL-6-inclLicc(J prolifera- 
lion is mediated hy the ras-de pendent mitogen -activated protein 
kinase (MARK) cascade,''^ we next examined the effect of Thai and 
the liVliDs on tyrosine phosphorylation of MARK in IL-f>- 
resp(>nsive MM. IS cells. Constitutive tyrosine phosphorylation 
of MARK in MM. IS celLs was down-regulated by the MEKI 
inhibitor PD9S059 (50 fxinol/L), which served as a positive control 
{Figure 6A). and lo a lesser e.\ient by the IMiDs ( 1 |jliih)I/L: Figure 
7A) or Thai (10 fxniol/L: data ih)t shown). Treatment of MM. IS 
cells with IL-6 increased MARK tyrt)sine phosphoiylation. which 
was partially blocked hy RD9S050 but was unaffected hy the 
IMiDs (Figure 7 A) or Thai (data not shown). Stripping the blot 
and re probing with anti-FRK2 Ab confirmed equivalent pro- 
tein h>adiniz. 



The observation that IL-6 can overcome the effects of Thai, the 
IMiDs. and Dex. coupled with our prior studies delineating 
signaling cascades mediating Dex -induced apoptosis and the 
protective effects oi' IL-6.-- --^ suggested that R.AFTK activation 
may be induced during apoptosis triggered by Thai and IMiDs. 
.MM. IS and MM.IR cells were, therefore, next cultured with 1 
|xmi)l/LThal. IMiDl. iMiD2, or IMiD3 for 12 hours. Twelve-hour 
cultures with Dex (10 ixmol/L) served as a positive control lor 
activation v)f RAFTK. Total cell ly sates were subjected lo imnunn.i- 
precipitation with anti-RAFTK Ab and analyzed by immunoblot- 
ting with anti-P-Tyr Ab or anii-RAR'K Ab. As can be seen in 
Figure 7B. Dex induced tyrosine phosphorylation of RAIH'K in 
.MM. IS cells but not in MM.IR cells. Imponantly, IMiDl induced 
RaXFTK tyrosine phosphorylation in both MM. IS and MM.IR 



BLOOD. 1 NOVEMBER 2000 • VOLUME 96, NUMBER 9 



THALIDOMIDE OVERCOMES DRUG RESISTANCE OF MM 2949 



cells, corrcluting with its effects on both Dex-scnsitive and 
Dcx -resistant MM cells. 



Discussion 

This study demonstrates for the first time a direct dose-dependent 
effect of Thai and these analogs on tumor cells. Thai has 
demonstrated clinical anti-MM activity at the University of Arkan- 
sas^ and in this study, and Thai at high concentrations (100 |xmol/L) 
resulted in a modest (< 20%) inhibition of in vitro DNA synthesis 
of MM cells. SelCIDs also induced a dose-dependent inhibition of 
MM cells, but only 2 of 4 SclCIDs tested achieved 50% inhibition 
of proliferation, even at 100 iJimol/L concentrations. Importantly, 
all 3 IMiDs tested achieved 50% inhibition of DNA synthesis at 
concentrations (0. 1 - 1 .0 )jLmot/L) corresponding to serinn levels that 
are readily achievable, both confirming their direct action on tumor 
cells and suggesting their potential clinical utility. Moreover, the 
IMiDs inhibited the proliferation of Dox-, Mit-, and Mel-resistant 
MM cells by 20% to 35%, and of Dex-resistant MM cells by 50%. 
These in vitro effects correlate with the observed clinical activity of 
Thai in patients with MM that is refractory to conventional 
therapies, both at the University of Arkansas^ and reported in this 
study, and suggest their clinical utility to overcome drug resistance. 
Moreover, our studies further suggest that Dex can add to the 
antiproliferative etfect of Thai and the IMiDs in vitro, .suggesting 
the potential utility of coupling these agents therapeutically. 
Finally, our study also identified MM cells resistant to Thai and the 
analogs (U266 cells), which, therefore, can be used to study 
mechanisms of Thai resistance. 

Our studies demonstrate that Thai and the IMiDs are acting 
directly on MM cells, in the absence of accessory BM or T cells. It 
is also possible that these agents may be mediating their anti-MM 
effect by cytokines, given their known inhibitory effects on TNF-a, 
IL- 1 and IL-6.'*' Our prior studies have characterized the growth 
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Figure 6. Effect of Thai and analogs on p21 expression In MM cell lines and 
patient cells. (A) MM.lS cells were cultured with 10 (imol/L of That. IMiDl. IMiD2. 
and IMiD3 for 48 hours. MM.lS cells were also cultured with tL-6 (50 ng/mL) alone 
and with IMiDl, 10 ^tmol/L Dex. and Dex plus IL-6. Celts were iysed, subjected to 
SOS-PAGE, transferred to PVDF membrane, and blotted with anti-p21 Ab. The 
membrane was stripped and reprobed with anti-(t-tubulin Ab. (B) MIVI.IS. Hs Sultan, 
and patient MM cells were lysed and Immunoprecipitated with wt-p53 and mt-p53 
Abs, transferred to PVDF membrane, and blotted with anti-p53 Ab. 
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Figure 7. Effect of Thai and analogs on growth and apoptotic signaling In 
MM.lS and MM.1R cells. (A) MM.lS cells were cultured in media, with 50 M.mot/L of 
PD98059 and with 1 0 timot/L of IMiDl , IMiD2. or IMiD3 for 48 hours. Celts were then 
triggered with 50 ng/mL of IL-6 for 1 0 minutes, lysed, transferred to PVDF membrane, 
and blotted with anti-phospho MARK Ab. Blots were stripped and reprobed with 
anti-ERK2 Ab. (B) MM.lS and MM.1R cells were treated with Thai (100 jiM), IMiDl 
(100 ^imol/L). or Dex (10 jimol/L) and harvested at 12 hours. Total cell fysates were 
subjected to immunoprecipltation with anti-RAFTK Ab and analyzed by immunoblot- 
ting with anti-P-Tyr Ab or anti-RAFTK Ab. 

effects of IL-6 on huinan MM ceilsj--*^ and we. therefore, next 
determined the effect of exogenous IL-6 on dmg activity. Our 
studies showed that IL-6 can overcome the effect of Thai and the 
IMiDs on MM cell lines and patient cells, suggesting that these 
novel dmgs may, at least in part, be inhibiting IL-6 production. Our 
prior studies have further demonstrated that IL-6-induced prolifera- 
tion of MM cells is mediated through the MARK cascade and that 
blockade of this pathway with either MAPK antisense oligonucleo- 
tide or the MEKI inhibitor PD98059 can abrogate this re- 
sponse.''^-'--* The present study showed constitutive MAPK phos- 
phorylation in MM cells that is inhibited by PD98059 and. to a 
lesser extent, by the IMiDs. Inipoilantly, IL-6-lriggcred MAPK 
tyrosine phosphorylation is also blocked by PD98()59 but not by 
IMiDs. These studies, therefore, suggest that the IMiDs do not 
workUinly by directly inhibiting MAPK growth signaling and 
further support their potential activity in down-regulating IL-6 
production. In MM. IL-6 production in tumor cells can either he 
constitutive or induced, mediating autocrine tumor cell growth.-''--'' 
In addition. IL-6 is also produced by BM stromal cells in MM. a 
process that is up-regulated by tumor cell adhesion to BM stromal 
cells, with related tumor cell growth in a paracrine mechanism.'*'-" 
Our ongoing studies are. therefore, evaluating the effect of Thai and 
these analogs on IL-6 [production in the BM microcnvironment. 

Having shown the inhibitor)' effects of Thai and the IMiDs on 
^H-TdR uptake of tumor cells, we next examined their effect on 
M.M cell cycle. Iiitei*cstingly. these drugs had distinct* functional 
sequelae in MM cells. Specifically, the IMiDs. and to a lesser extent 
Thai, induced apoptosis oi' MM.lS cells, evidenced both by 
increa.sed sub-Gl cells on PI staining and increased aniiexin 
V-positive cells. In these cells that have wt p53, these agents (and 
Dex) down-regulate p21. thereby facilitating Cl-to-S transition 
and siLsccptibility to apoptosis. This apoptotic effect may correlate 
with the clinical observation that complete response to Thai is 
rarely observed. IL-6 overcomes (he down-regulation of p2l 
induced by these ageius, consistent with ihe increa.se in DNA 
synthesis triggered by IL-6 even in the presence of these drugs. In 
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conlmst. in Hs Sultan cells (wt and mt p53) and patient cells (wt 
p53 and mt p53), the IMiDs and Thai induce p2i and related Gl 
growth arresL thereby conferring protection from a po ptosis, as has 
been observed in other systems.-**-^ In our prior study. -'^ p21 was 
also constitutively expressed in the majority of MM cells and also 
inhibited proliferation in both p53-dependcnt and -independent 
mechanisms. Previous reports that cells overexpressing p2l protein 
demonstrate chemorcsistance-^" further support the protective effect 
of Gl growth arrest induced by these agents in Hs Sultan MM cells 
and patient MM cells. Conversely, the frequent regrowth of 
progressive MM noted clinically on discontinuation of Thai 
treatment may correlate with release of drug-related Gl growth 
anest. An ongoing clinical trial is correlating response to Thai with 
laboratory parameters (ie, seaim IL-6 or the surrogate marker C 
reactive protein) and will gain further insights into its mechanisms 
of in vivo anti-tumor activity. 

Finally, our prior studies have characterized apoplotic signal- 
ing cascades in MM, as well as the protective effect of IL-6, 
especially against Dex-induced apoptosis.™-* --'' -'' Specifically, 
we have shown that Dex down-regulates growth kinases, such as 
MAPK and plO^^^;-^ importantly, it activates RAFTK, which is 



required for Dex-induced apoptosis and abrogated by IL-6." 
The current studies show that IMiDI acts similarly to Dex, 
because it activates RAFTK and apoptosis in MM, IS cells, 
sequelae that are blocked by IL-6. Given our prior studies, 
which demonstrate that apoptosis of MM cells induced by UV 
irradiation, 7 irradiation, and Fas ligation do not involve 
RAFTK,-- the current signaling studies, therefore, further 
support both the ability of the IMiDs to act through distinct 
signaling cascades to overcome drug resistance, as well as the 
enhanced anti-tumor activity observed when Thai or the IMiDs 
are coupled with Dex. 

In conclusion, the results of this study, therefore, demonstrate 
evidence for direct activity of Thai and the IMiDs against human 
MM cells. To confirm their in vivo mechanism of action, these 
compounds and SelCIDs will be examined in an animal model. 
Importantly, these studies provide the framework for the develop- 
ment and testing of a new biologically based treatment paradigm 
that uses these novel agents, either alone or together with conven- 
tional therapies, to target both the tumor cell and its microenviron- 
ment, overcome classical drug resistance, and achieve improved 
outcome in this presently incurable disease. 
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Extended survival in advanced and refiractoiy multiple myeloma after single-agent 
thalidomide: identification of prognostic factors in a phase 2 study of 169 patients 

Bart Bartogie. Raman Oestkan. Paul Eddlemon. Trey Spencer, Jerome Zeldls, Nikhil MunsW, Ashrof Badros, Maurizio Zangari, 
Elias Anaisste, Joshua Epstein, John Shaughnessy, Dan Ayers, Dan Spoon, and Guido Tricot 



This report of a phase 2 trial of thalido- 
mide (THAL) (200 mg/d; 200 mg Incre- 
ment every 2 weeks to 800 mg) for 169 
patients with advanced myeloma (MM) 
(abnormal cytogenetics (CG). 67%; prior 
autotransptant, 76%) extends earlier re- 
suits In 84 patients. A 25% myeloma pro- 
tein reduction was obtained In 37% of 
patients (50% reduction In 30% of pa- 



tients; near-complete or complete remis- 
sion in 14%) and was nu>re frequent with 
low plasma cell labeling index (PCU) (be- 
low 0.5%) and nomial CG. IWo-year event- 
free and overall survival rates were 
20% ± 6% and 48% ± 6%, respectively, 
and these were superior with normal CG, 
PCU of less than 0.5%. and Prmlcro- 
globuHn of 3 mg/L. Response rates were 



higher and survival was longer especially 
in high-risk patients given more than 42 g 
THAL In 3 mortths (median cumulative 
dose) (landmark analysis); this supports 
a THAL dose-response effect In advanced 
MM. (Blood. 2001;98:492-494) 
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Introduction 



Thalidomide (THAL) represents the first new class of active agents in 
the treatment of multiple myeloma (MM) since the introduction of 
RKlphalan and glucocorticoids more than 3 decades ago.' Its possible 
antitumor mechanisms in MM include a direct effect on MM and/or 
bone marrow stromal cells,^ modulation of MM stromal cell adhesion,^ 
suppression of MM cell-sustaining cytokines,* antiangiogcnic effects 
by repression of vascular endotfielial growth factor and basic fibroblast 
growth factor pathways,^ and immunomodulation such as induction of 
Thi T-cclI response with secretion of interferon^ and intcr1culdn-2 * 
More recently, synergistic qx>ptotic signaling of THAL and dcxametha- 
sone has also been observed.^ 

We now report on the follow-up of all 169 patients enrolled in a 
phase 2 trial for advanced and refractory MM. 



defined by absence of monoclonal protein on immunofixation analysis.' 
Patients with a PPR less than 25% and those discontinuing treatment before 
response could be assessed (minimum of 4 weelcs of therapy) were 
considered to have failed treatment; all results were evaluated on an 
intent-to-treat basis. Relapse criteria have been previously reported.* 

Survival distn*butiohs (Kaplan-Meier) wore compared by means of the 
tog-rank tesL*^ Muttivatiate modeling of bivariate responses was perfbnned by 
means of logistic regression and stepwise selection methods. Similarly, multivar- 
iate modeling of event-ficc (EFS) and overall surmal {OS) employed stepwise 
selection and proportional hazard regression niodds.'^ The percentage of change 
in laboratovy measures was calculated finom baseline to 90 days posl-THAL 
administration. Wilcoxon rank sum tests were used to compare the poccntagc- 
change distributions of patients with or greater reduction in paniprotem 
levels and of padents with less than S0% reductioa 



Study design 

Between December 1997 and Decemba 1998, 169 consecutive eligible patients 
with extensively pretreated and progressive MM were enrolled in a phase 2 trial 
HIAL (50-mg csqpsulcs) (Celgene, Wancn, NJ) was staited at a daily dose of 200 
mg and escalated by 200 mg every 2 weeks to 800 mg according to tolefanc& 
Psticnts with canUopuImonaiy or renal dysftmction were ml exchxfed; liver 
function tests could not exceed twice the upper limit of normal. All patients were 
enrolled at a single institution and provided written informed consent in keeping 
with institutbnal and Food and Drug Administration guidelines. 

Baseline and follow-up laboratory tests were performed as previously 
outlined.' Patients kept a diary to document the occurrence and severity of 
toxicities. Follow-up visits were scheduled every 3 months, and more than 
90 V» of patients adhered to this. 

Study endpoints included paraprotein responses (PPRs) in serum and/or 
urine of at least 25%, 50%, 75%, or 90%; complete remission (CR) was 



Results and discussion 

Patient characteristics and percentages consisted of the following: 
age older than 60 years in 40% of patients, ^2-microglobulin 
(B2M) greater than 3 mg/L in 50%, abnormal cytogenetics (CG) in 
67% (deletion 13 in 37%), longer than 5 years of prior therapy in 
20%. and longer 2 years of prior therapy in 72%. Seventy-six 
percent had received at least 1 and 53% had received 2 or more 
cycles of prior high-dose therapy with stem cell support. THAL 
could be escalated to 400 mg, 600 mg, and 800 mg in 87%, 68%. 
and 56% of patients, respectively. No treatment-related deaths were 
observed; 58% developed toxicities greater than grade 2 which 
affected the central nervous system in 25% (mainly sedation and 
somnolence; confusion; depression; fremor), gastrointestinal tract 
in 16% (mainly constipation; infrequently nausea or vomiting), and 
peripheral nerves (sensory neuropathy) in 9%. These toxicities 
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were related to both intensity and cumulative dose of THAL 
administered (data not shown). Fewer than 2% of patients devel- 
oped deep venous thronnbosis (Doppler) or cytopenia. 

APPR of 25% was observed in 37% of patients; a PPR of 30% 
in 30%; and a PPR of 90% in 14% (Figure 1). Of patients exhibiting 
25% PPR, 70% achieved that response within 2 months and 90% 
within 4.5 months. PPRs of 25% were more frequent with normal 
CG (52% vs 28%; P = .003) and with low PCLI (44% vs 10%; 
/*< .001). Importantly, 14% of patients experienced tficir best 
response ever on THAL THAL-induccd PPRs were associated 
with significant reductions in bone marrow plasmacytosis and B2M 
as well as improvement in hemoglobin and uninvolved inununo- 
globulin M levels (data not shown). 

Twenty-four patients remain on study. Reasons for study 
removal were disease progression in 105 patients, toxicity in 28, 
and other reasons in 12. With a median follow-up of 22 months 
among 84 alive patients^ 2-year EFS and OS rates are 20% ± 6% 
and 48% ± 6%, respectively (Figure 1). 

On multivariate analysis, EFS and OS were superior with nomoal 
CG, PCXI lower than or eqiial to 0 J%, and B2M lower than or equal to 
3 mg^ pcnnitting distinction of 4 risk groups (sec Figure I). When 
lesults were le-examined without CG and PCU, which are usually not 
available in the standard practice setting. B2M greatei than 3 mg^ and 
C-ceactive protein (CRP) greater than 7 m^ emerged as key adverse 
variables for OS and EFS. Better prognosis was not associated with no 
prior transplant or longer tinK lapse since transplant 

To evaluate a possible dose effect of THAL on clinical 
outcome, a 3 -month landmark analysis was performed Patients 
given more than 42 g THAL in 3 months (median cumulative dose) 
had a higher response rate (25% PPR) (54% vs2\%;P< .001) and 
superior 2-year survival (63% ± 8% vs 45% ± 13%; P< .001); 
this was especially the case among patients with at least 1 of 3 
adverse prognostic features present (Table 1 ; Figure 1). Responders 
(25%. 3-month landmark) had superior 2-year EFS and OS rates 
(34% and 69%, respectively) compared with nonresponders (20% 
and 47%, respectively; P < .001 and /* = ,01, respectively). 

These data extend, tn twice as many patients with longer foUow-up, 
our eariicr observations in 84 patients.' Considering the high-risk study 
cohort, the EFS and OS rates of 26% and 48%, respectively, 2 years after 
initiatiott of treatment an impressive. In feet, 38% of patients had 
received salvage treatment with dexamethasone (32 patients) or combi- 
nation chemotherapy (dexamethasone and 4-day continuous injfusions 
of cyclophosphamide, etoposide, and cisplatin [DCEP]," 33 patients) 
and progressed when THAL was initiated. 

Results similar to ours have since been reported with THAL alone 
and in combination with dexamethasone.'^ '^ Anticipating a THAL 
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dose-response effect in a patient population with such advanced MM, 
our studjy called for dose escalation according to tolerance. Indeed, a 
dose-response effect was apparent in the high-risk subgroup deiined by 
abnonnal CG, B2M, and PCLI. However, prospective investigations are 

needed to detenninc, separately in early and advanced MM, the optimal 
THAL dose and schedule. 

We had previously no< observed a consistent antiangiog^c effect of 
THAL using serial mioovessel density measurements of anti-CD34 
monoclonal antibody-stained bone manrow biopsies.' This may not be 
surprising since the major effect of an antiangiogenesis agent should be 
prevention of new microvessel formation rather than destruction of 
existing blood vessels. Many of the multiple mechanisms already 
demonstrated in vitro may be operative in difierenl patient subsets or 
even in MM subpopulatxoos in the same patient^ Gene array technology 
is uniquely suited to unravel the mechanisms of action of THAL and its 
congexiersinvivo." 

The virtual lack of myclosuppression makes THAL an ideal drag for 
combination with cytotoxic agents cariier in the disease. Such trials are 
currently in progress. Deq) voious duombosis." hypothyroidism, and 
bradycardia were moce frequent in patients randomized to THAL.* 

In conchision, THAL has definite activity in rcfractocy MM. Its role 
in the up-fiont management of newly dia^^iosed MM arKl as mainte- 
nance therapy is under investigation. Issues of pharmacokinetics, dose 
intoisity and scheduling, mechanian of action, and (bug combinations 
need to be addressed." Since THAL's activity in MM may invoNe, 
among other things, an antiangiogenic mechanism, this malignancy 
lends itself well to investigation of strictly antiangiogenic agents such as 
angiostatin and endostatin, shown to possess remarkable antitumor 
activity in the human severe combined immunodeficiency disease 
model of MM (J. Epstein, personal communicaticn, May 2CO0). 
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ngur* 1. Raaponaa, toxJcHy, and sunrlval. (A) Response rates 
and oTBda 3 toxkities: (B) EFS and OS. (C) EFS and (0) 08 
according to the number o« unfavorable pfDQnooitc factors present 
prior to thalidomide. Rltlt dbcrlminaUon on the baaiM ol abnomial 
CO (EFS hazanJ ratio (HRJ 2.15, P < .001; OS HR 2.53. P = .002); 
plasma eel tatting index (PCLI) oreater than 0.5% (EFS HR 
1 .86. P o .002: OS HR 1 .82. P - .009): wkJ B2M greater than 3 
mgrt.(EFS HR 1.54. P - .016; OS HR 2.99. P < .001). SoBd Nhes 
trxlicate no risk factorB; dashed line. 1; dotted tine, 2; and 
dash-dotted Ine, 3 risk factors. Additional unfavoral)te wlabtss 
that are only uravartately signmcant IncHjded the tottowing tor 
EFS: atNjmln Icnral less lhan 3.5 gML. P - .003: and BM ptasrnacyt^ 
»ls greater than 30%, P » .001. Additional unfavor8t>le varfables 
that aro only unhrariately significant included the following for OS: 
albumin level less lhan 3.5 g/dL. P < .001; BM plasmacytosts 
greater than 30%. P • .05: hemoglol)ln level less than 10 glOL 
P<.001: creatinine greater than 1.5 mg/dL. P<,001: and 
platelet count fewer than 100 000 t^L. P * .007. TRM incflcates 
treatment-related mortafity: DVT. deep veinous (hromboeb. 
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jpAtlnoIogicsiII, Receni(tlly» incireased a&tzn* 
doQD Hdas foctuscd om [purificaCioia aumd 
ciIiUQirsfctoiris2itEoi& olT iiniMIbSlloiro of [pin> 
ceflOy because of (tlbe po(teiailisfl dlheinipeutic 
taIiiic of anslcgeQiLaifl ihoMbitoirs m con* 
aroUinsg su<i^ ''s2iigiog;en&&c diseosM** ai 
jpirolafenxdve reGAiaonMitSajrt 3o8id Cumoirst 
rheuflnnAttoidl aurtQuritSs, Audi eiueoTUCiiBllAr 
gl&uLCoimuQ. We arevie^ ihe procese of sue- 
ovuACuIlsurflssaildoHi auad lihe ffidSAva ilIhiAt hflve 
beem developed (to s(tudy its mhibidon m 
vsvo fliad MS vafro. We silbo disctuifle tSie 
iproipesides of daiEFeireiait aangno^i^enesio iaihil> 
Qttoirs asnd exuuznisiie tB&e snecluuiiissBiio hy 
wbicb such imMbSftoiro could podeoaitSAlIly 
aiattenreiate aim ihe process of neovosctmlfiurilzA* 
idosfit 

nnogencsia or neovaacubrizatioii, the process 
of new blood veisd formation, is a very ctghdy 
controlled prooett that rarely oociira under 
^ Jl^ normal condittmia, except for Insuncet of 
wound healing, embryonic development and develop- 
ment of the corpus luceum. Otherwise, vascular turnover 
tt very low. Ic has been demonstrated that the potential 
doubling time of capillary endotheiiun from normal 
tiuues ii in the range of 47*20,000 days, as opposed to 
2.U-1S days for tumor capillary endocheliumV In fact, 
capillary endothelial cells of mc»t normal tissues are 
considered to be **qutc9ccnt'*. 

However, there exist a growing number of diseases 
(Table I) characterized by the pathological growth of new 
capillaries, which are now considcrco to be "angiogenic 
diseases'^. These diseases include solid tumora, riieuma- 
(oid arthritis, psoriasis and a targe number of eye diseases 
including the proliferative retinopathies, neovascubr 
glaucoma, ocular tumora. e.g. retinoblastoma, as well as a 
(ar^ number of diseases associated with corneal vascular- 
ization. For example, some 20 other eye diseases are 
associated with choroidal neovascularization*! more than 
40 diseases arc associated with iris neovascularization* and 
retrolental fibroplasia and uveitis are also considered id be 
angiogenesis-associatcd diseases. 

What is/are the mechanism(s) by which angiogenesis is 
controlled? In Light of the existence of such a large 
number of diverse angiogenesis siimulaton (for review 
lee ref. 5). it is striking that neovascularization rarely 
occurs normally. There is an accumulating body of liter- 
ature which sug^su that in addition to gro%^ faaon, 
inhibitors of anjpogcnesis arc key regulators of vascular 
growth. 

The availability of a chemical agent which could prevent 



laOBBt 

A 



the continued spread of vascularization would potemiaity 
have broad appucabtlity as a therapy for those diseases in 
which aeovasadarization plays a prominent role. For ex- 
ample, in nearly all of the eye diseases mentioned above, 
once neovasculariaatioa occurs, the current methods of 
treatment are often inadequate to prevent further vascular 
proliferation. Usually, the fint line of treatment is directed 
to the underlying condition and may involve antifaiotica. 
steroids, etc As vascularization progresses, cautery or pho- 
tocoagulation is ohen utilized. At further stages, this type 
of therapy is increased in frequency aiul dcoage but has 
often not been satisfactory. Another clinical arena in which 
an inhibhor of ffngry*frfrgvjj i pl a y ■ n^ *i^ 
control of sottdLtuinenrinioe tumor g rowth-i* awgiog ene* 

_ Jms.beciLfjiQwn to 

pertntssiye io rn^Bstasis^. It Has been suggested that an 
angfai^ irii inhibitor could be adminisceredafter decision 
of a primary^ tiimor to prevent metastatic foci from booom- 
Lng vascularized or used against primary tumors, in panic* 
ular against highly vascularized yet inoperable tumors (e.g. 
brain tumors). Aadttionally, these inhibitors might be used 
as an adjunct to chemotherapy or immunotherapy*. 
THS ANCSOGfiHIC PROCESS AND iN VIVO 
ASSAYS TOR ANCKOGIZNESIS INHEBITORS 

In the early 1970*s, a number of m vivo angiogenesis 
assays had been developed and were routinely used. 
These model systems included the raUiit corneal pocket, 
the chick chorioallantoic membrane (CAM), the rat dorsal 
air sac and rabbit ear chamber (for further review see ref 
7). Critical to the use of many of these assays was the 
development of controUed release polymers capable of 
releasing hrge motocuks such as angiogeneiis stimulators 
and inhibiton*. Tbt two most conimonly used m vwo 
assays are the rabbit corneal pocket model and the CAM 
assay. In the first assay, polymer pellets of ethylene vinyl 
acetate (EVAc) copotviner are impregnated with test sub* 
stance'^ and surgicai^ implanted ui a pocket in the rabbit 
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Aneriovenouf malformations 
Afthriiis 

Adteroadcradc piaquci 
Corneal graft neovasculariiation 
Ddaycd wound healing 
Diabetk rcdnonathy 
Cranulations^ums 
Henuaetoma 
Hemopnittc ioints 
Hypeitrophac ican 
Neovaacuiar gbuconia 
Nonunion fractures 
OdcrWeber Syndrome 
Paoriasia 

Pyogenic nunuioma 
JUirolemal Bbroplasia 
Scleroderma 
Solid tumors 
Trachoma 
Vascular adheaiona 



from ref. 51. 
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iCSLoJ I InhUUon of lumor-imtuccd angioaenats b)r GDI" in 
the nbbb oomeit pocfcet uny. (A) Control conm impfauucd 
with coipcy EVAc polymer pellet juxcapoicd b et w e en the Uinbut 
of ihccyt tnii the VS cardnomi unptam. CapUlarici appear m ft 
ihkk ctrpet iweciiinf over polymer and tuowr. (B) Tea cornea 
Implamcd whh EvAc potyroer pellet unprecutcd with GDI and 
iujaapaMd be t w een the hmbus and the VS cardnoma ImplanL 
TCA oomcas ihowcd ngnificam bihibttkm of vcsmI growth 
toward! che tumor. 



cornea approximately 1 mm from the limbtia. When thti 
assay system b being used to test for angiogenesU inhibi- 
tort, either a piece of V3 carcinocna or tome other 
angiogenic stimulant is implanted distal to the polymer, 2 
mra from the Umbus. In the opposite eye of each rabbit, 
control polymer pcUeu that are empty are implanted next 
to an angiogenic stimtilant In the same way. In these 
control ooraeaa, capillary blood vessels start growing 
towards the tumor implant in 5-6 days, eventually swecf^ 
ing over the bbnk polymer. In test comeaa, the direc- 
tional growth of new captllariea from the limbal blood 
vessels towards the tumor occurs at a reduced rate and is 
often inhibited such that an avascular region around the 
polymer is observed (Fig. 1). This assay is quantitaced by 
measurement of the maximum vessel lengths widi a 
stereoscopic microscope. 

In the CAM bioassay, fertilized chick embryos are 
placed into Petri dishes and cultured in a humidified 
incubator in 5% CO|. On day 6 of development, methyl- 
cellulose (1% w/v in distilled water) discs impregnated 
with the test sampte or an appropriate control subsunce 
are placed onto me vascular membrane at its advandng 
edge. On day 8, the area around (he implant is observed 
and evaluated. Avascular zones surrounding the test iirv- 
plant indicate the presence of an inhibitor of embryonic 
neovascularizat ton ^ ' . 

/ n vivo assays such as these, however, arc extremely time 



consuming, expensive and require large amounts of pre* 
dous test matcriaL The development of techniques to 
culture endothelial cells*' made possible the development 
of m vitro assays (see next section) which could funcuon as 
"screens'* for m vivo events. These assays bodi qualitadvely 
and quantitatively measured the cellular and biochemical 
components of angiogenesls in a more rapid and repro- 
dudble manner uung small amounts of test materials. 

It is now esublished that the phenomenon of angtogcn- 
csis occurs via the "sprouting^ of new capiUaries from the 
preexbting microvasculature. EInxymatic degradation of 
the basement membrane of the parent microvessd is 
followed by capiltarY endodielial cell J^CQ migration in 



response to an angiogenic stimulus. The migrating EC 
align themselves to Form a new sprout. Irailing EC 
proliferate, thereby increasing the immature sprout 
length. Subsequently, the process of lumen formation 
occurs in which two hollow sprouts join to form vascular 
loops. Pericytes and basement membrane components 
surround the immature capillaries, compledng the forma 
uon of the mature capillary bed*'. 

iN vmo ASSAYS roa ANCioceB^is 

UmiBITDBS 

With the knowledge of the sequence of events required 
for neovascularization to occur and with the availabuicy of 
cultured EQ the devebpmetu and use of m vitro assays 
devised to expedite the disoovery of angiogenesis inhim* 
tors focused on the followtog components of the angio- 
gcidc process: degradation <n the basement membrane, 
migration and proliferation of capillary EC and the for* 
maiion of three dimensional capiUary tubesi To the extent 
that a faaor could inhibit one or all of these key cellular/ 
biochcnucal evenu m vitro, it b then a candidate for 
further testing in the standard m vivo models. 

Capillary EC proliferate in responM to an angiogenic 
stimulus during neovascularization. Tlierefore, an m vitro 
assajr using the cells aaually involved in the process of 
angmgenesb was developed to mimic the proceu of neo- 
vascuurization m vitro^ Capillary EC were stimulated to 
proliferate by addic fibrouast growth factor (aFGF) a 
xfiown angiogenic molectile and then challenged with 
varying concentrations of test substance. Following a three 
day incubaticm period, the number of endothelial celb was 
measured on the basb of the colorimctric measurement of 
add phosphatase.*^ Raults were supported bv elearonk 
cell oouimng. Thb assay b particularly useful because it 
provides the unique opportunity to screen large numbers 
of samples in a highly sensidve and reproducible manner. 

A second critial event reouired for angiogcnesb to 
occur b the migration of capiUary EC through the extra- 
ceUular matrix to«vards an angiogenic stimulus. Migration 
of endothelial ceUs can be tested m vitro uang a modifica- 
tion of the Boyden chamber technique**. A blind-well 
Boyden chamber'^ consbts of two wells (upper and lower) 
separated by a porous membrane. The lower ivcUs receive 
a known concentration of growth factor and the upper 
weUs receive a predetermined number of celb and inhil^ 
itor. Celb attacned to the upper surface of the membrane 
migrate through and attach to the lower membrane sur- 
face. The membrane b then 6xed and stained for count- 
ing'*. 

Although a number of facton have been studied in vitro 
which can interfere with one or more of the steps required 
for an^ogenesis, it b essential to test these substances 
using m vivo assays to ensure that angiogenesb b truly 
inhimced. Only those faaors which have been shown to 
inhibit angiogenesb m vivo will be discussed below. 
INHIBITOBS OE ANGKCG£^fESIS 

TbsueKficrived InhiMDrai Cartilage has been studied 
as a potential source of an angbgenesb inhibitor because 
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ol itt avascularicy. Cartila^ is a rctacivelv tumor-resistant 
tissue and the tumor assooated with cartilage, chondrosar- 
coma, is the least vascularized of all solid tumon. A 
number of differeni groups have shown chat cartilage and 
extracu of cartilage mhibit angiogenesb in vivo and en- 
dothelial cell proliferation m uifro**** Partially 
purified extracu of canilage have also been shown to 
inhibit tumor-induced neovascularization when delivered 
regionally (via controlled release polymer) and when 
delivered systemicaUy (via infusion)*'. The critical role 
that protcol|<tic enzymes appear to play in the process of 
neovasculanzation sugagcsted that protease inhibitors 
might be anti-angiogcnic agenu*'"'^. Recendy, an angio> 
genesis inhibitor from bovine scapular caitilage has been 
purified, characterized and amino terminal sequence data 
obtained* This molecule, which Is an add and heat stable 
protein, is a coQagenase inhibitor with a relative molecular 
mats (Mr) of 37,690. 

Purified cartilage-derived inhibitor (GDI) is a powerful 
inhibitor of aFGF-stimulatcd capillary £C proliferation. 
I Using the assay system described above for measuring 
capillary EC prolireradon, CDI. at a concentration of 9o 
nM, caused 72% inhibition of proliferation. These results 
were supported by electronic cell coundng assays and 
tritiated thymidine iiicorporacion studies. Using a modi- 
ficadon of the Boyden chamber assay, CDI inhibiuid 
capillary EC migration with an ICm, (the inhibitory con- 
centration a which 50% inhibition is obtained) of 16 
nM*>. It was further tested for its ability to inhibit angio- 
genesis m vivo on the chick CAM. Purified COl (4 ^g 
samples) in mcihylcellulosc discs was applied to the sur- 
faces of growing CAMs of 6 day old fertilized chick 
embryos. After a 48-hour exposure of the CAMs to COl, 
bfge avascular zones were observed as opposed to the 
control CAMi which never developed avascular zones 
(Fig. 2). CDI (4 Hg » 145 pmob) Is a powerful inhibitor of 
neovaacubrization m vivo when compared to tfie lowest 
regnxed doses of previously reported inhibitors discussed 

Recently, ractalloprouinases sudi as coUagenase have 
been strongly imi^icated in the proccu of malignant 
conversion, that point in cancer progression when tumor 
cells gain the capacity to invade and metastasize. A corre- 
lation has been demonstrated between the acouisition of 
the malignant phenotype and an increase in the expres- 
sion of metalloproteinases (Type IV and transin). Addi- 
tionally, a key metalloproteinase inhibitor, TIMF (tissue 
inhibitor of metaOoprotcinase). is now considered to be a 
tumor-supjpreasor gene produa'^. It is interesting to note 
that CDI oiffen from TIMP isolaied from human amni* 
otic fluid (which itself is virtually identical to a human skin 
fibroblast inhibitor with the exception of one residue 
difference) in only two amino aads over the Brst 28 
NHfterminal residues". 

Other avascular tissues have also been studied as a 
potential sources of angiogenesis inhibitors. Vitreous ex- 
traas have been shown to inhibit neovascularization in 
vivo, the lowest reponed dose being 200 ^g, and endothe- 
lial cell proliferation in wItd^". TTie agcntl(s) responsible 
for this inhibition rcmairu to be purified and it appears 
(hat vitreous may contain at least two inhibitory spcdes, 
one 5 10 kD. the other % 30 kD^. Extracu of human and 
murine lens have been shown to inhibit endothelial cell 
proliferation in a cell specific and reversible manner**. 
Additionally, twvine corneal extracts have recendy been 
shown CO contain an inhibitor of angiogenesis in vivo 
which appears to be a low (slO kO) motecular weight 
non- peptide inhibitor. Purification and identification of 
all of these faaors has not yet been accomplished**. 
Aogiostotdc stcroida. Angiogenic steroids are a unique 




1 8 InhibitkMi of embryonic tngkigenesis by CDI (canlbge- 

dcrived inhibitor) in the cfikk chortodbniofe membnn* assay 
(CAM). (A) Normal CAM containing empty methykellukMc disk 
<B) CAM comaining a mcthykelluimc disk impregnated with 
CDI surrounded by avascular zone. 



group of molccides which inhibit angiogenesb. Early work 
on the effects of steroid* on angiogenesis showed that 
heparin or heparin fragmcnu with no anticoagulant ac- 
tivity could innibit angiogcnesb in vivo, using the CAM 
assay, at a dose of 50 ^g of heparin with 60 |jig of 
hydrcKOrtisone. and could cause tumor tumor regression 
and significantly inhibit fnetastases in the presence of 
cortisone***. These results were important in their support 
of the hypothesu that an antiangiogenic therapy could 
ultimately influence tumor growth. Subsequent struaure- 
aaivity studies with steroid analogs demonstrated that the 
antiangiogenic activity of the heparin-hydrocortisone 
combination was not a function of the mineraloconicoid, 
glucocorticoid or other known bioaaiviues of hydrocorti- 
sone and resulted in the terra **angiosutic steroid****. 
Recently, the use of a synthetic heparin substitute. 0<y- 
cbdextrin tetradecasulfate adminiuered with angiosutic 
steroids, has been shown to inhibit angiogenesis at a lowest 
reported dose of 14 ^g of 3^cIodextrin tetradecasulfate 
with 60 ^f of hydrocortisone in the CAM assay. This drug 
pair has also been shown to inhibit endoioxin-induced 
anfftngenesb in the rabbit corneal pocket assay both when 
delivered locally and topically**. 

P wit a mirng . Protamine, a sperm-derived, cationic protein 
with a molccubr weight of 4.3 kD, has been shown to be a 
specific inhibitor of angiogenesis, inhibiting neovascular- 
ization on the CAM at a dose of approximately 50 m^. 
When administered systcmically, it inmoited tumor growm 
and metastases in a number of animal modeb although its 
efRcacy is limited by iu toxicity at high doses**. 

Pflatdct GKiDr4. Pbielet factor-4 (PF4). a collagenase 
inhibitor with a very strong affinity for heparin, is a 
tetramcric polypeptide with a molecular weight of approx- 
imately 50 kD. h is released from pbteleu during aggre- 
gation as a complex with chondroicui sulfate. Thb protein 
was shown to inhibit angiogenesis in the CAM assay at a 
dose of approximately 10 >ig** **. Recent studies using 
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recombinam PF4 have funher shown that it is an inhibitor 
of human umbilical vein endothelial cell proliferation 
with an XC^ of approxtmaiel)r I |&M^. More recently, 
PF4 haa been shown to inhibit the growth of murine 
melanoma and human colon carcinoma'^ 

ThromboopondiA. Reoendy, a 140 U) protein (GpUO) 
homologous in sequence and function to the C-terminus 
of human thrombospondin haa been shown to inhibit 
angiogenests m vtfo and capiflary endothelial cell migra- 
tion in vitro^^^. This inhibitory factor was purified from 
the conditioned media of hamster and human hybrid lines 
wheo they were expressing an active cancer suppressor 
gene. Since the onset of angiogcnesis and lumorigenests 
was conoomitant with the loss of GP140 activity, the 
production of such an angiogenic inhibitor may be a 
means fay which tumor growth is controlled under cer- 
uin circumstances^'^^ These resuiu are consistent with 
chose observed for TIMP. which demonstrate that 3T3 
cells which are down modulated for TIM? expression 
acquire the capacity for invasion and metastases''. 

Cmer angfcsgeacaio inhlUCofb There are a number of 
other aagiogenesis inhibitors that can plav a role in 
negatively modulaung neovascularization. Tnesc indude 
tumor necrosis factor-alpha (TNF-a), which has been 
shoKvn to inhibit capillary and aonk cell proliferation as 
well as smooth muscle growth^. Psradoxically, TNF-4 
stimulates angiogcnesis m vivo. This effea ts similar to that 
observed for transforming growth factor bcu (TCF-9) 
which, although it is a potent inducer of capillary tube 
formation ttt viiro and stimulates anaiogenesis m vivo, is an 
inhibitor of aortic and capillary cnootheltal cell prolifera- 
tion and migration m vitn^-. Since angiogenesis can be 
thought of u a two suge process, one proliferative and 
one based on differentiation of capillary endothelial ceDs, 
it has been hypothesized that TGF ^ may alTea the 
proceM of aeovaKulariiation by shifting the balance 
towards the differentiation of capillary £CS into capillar- 
ieSp accomplishing this by inhibiting their proliferation 
dod migratlon^ 

Alpha interferon hat been shown to inhibit endothelial 
ccU proliferation and capillary tube formation m viiro and 
has been used as a positive iherapy in patients with 
hemangioendotheliomas**. Gamma mterferon is also an 
inhibitor of growth-factor stimulated endothelial ccU pro* 
Uferation as ^efl as a number of transformed cell lines*'. 
Certain anbbiotics are also and-angtogeoic. Minocycline, a 
semisynthetic tetracycline antimicrol^ with and-collagc- 
nase properties has recently been shown to inhibit tumor- 
induced angiogenesis m vivo^, and a family of angiogen- 
esis inhibitors (angioinhibins). which are synthetic 
analogues of fumagiliin, have been synthesized and shown 



to suppress the growth of a wide variety of solid tumon* 
MSCMAMSMB OF ACTION 

A potential model for the sequefKC of evenu involved 
in anffiogenesb is one in which an angiogenic factor(s) 
stimuutet capillary £C to produce proteolytic eniymes 
such as collagenase and plasminogen activator, which 
deq;rade the basement membrane of the parent venule 
facilitating the release of the capillary £C from the pre- 
exisdng vessel. In the case of tumor angiogcnesis^ it has 
been suggested that tumor ceOs might release, in addition 
to angiogenic factors* a chemoattractant for mast celis^*. 
Mast celu might then migrate towards the tumor where 
they release heparin, a glycoaminoglycan, which has been 
shown to enhance the activity of angiogenesis Actors m 
^•^3S.4« which can potentiate growth-factor stimu- 
lated EC proliferation and migration m vUm*^*''. The 
capillary cells, under the influence of angiogenic factors 
and heparin, which has also been shown to sdmulate 
collagenase activity in EC**, would then migrate out of the 
parent vessel and into the perivascular space and through 
the local extracellular matrix (facilitated by protease ac- 
tivities) towards the angiogenic stimuli These cells, whidi 
have **sprouted'* from the paretu vesseL proliferate in 
response to angiogenic stimuli and begin to elongate the 
capillary sprouc Finally, these capilla^^ EC join to form 
lumen ana eventually, with branching, form a mature 
capillary network surnmniled by basement membrane^'. 
The inhibition of angiogenesis may be accomplished via a 
number of different biochemical and cellular means all 
focused on intervening in the process of neovascularixa- 
tion at these key junctures (Fig. 3). 

One early event in neovascubrization is the breaching of 
the parent venule's basemem membrane to allow EC 
''escape'* and the subsequent capillary EC migration 
through extracellular matrix. At this stage and through- 
out the prooeu of capillary formation. EC must degrade 
extracellular matrix in order to move towards the angio- 

Sinic stimulus. Collagenase hu been shown to be one of 
e k<^ proteases required at these stages of neovascu- 
larization'*. AdditioiMlly, collagenase has been shown to 
be required for tumor cells to breach the boundaries of 
the vascular tree during meususes'^. The fan that the 
collagenase inhibitors COI. PF4 and minocycline are 
anti-angiogenic is consistent with earlier work demon- 
strating the importance of collageiuue in neovasculariza- 
tion and suggests that at least one way in which they exert 
their inhibitory effects on neovascularization might be 
through inhibitton of this key proteolytic enzyme. 

Furthermore, both GDI and PF4 ultimately cause local 
perturbations in the extracellular matrix, that is, they can 
cause changes in the integrity and/or quantity of intact 
basement membrane components, in this case, collagen. 
These changes have been shown to play a role in the 
control of neovascularization, since normal capillary de- 
«ebpment requires an intaa basement membrane**. 
Other inhibitors such as the angiostatic steroids may work 
through simibr mechanisms. The angiostatic steroids 
have been susgested to act to inhibit neovascularization by 
altering capil&ry basement membrane turnover when 
administered with heparin**. 

Another potential mechanism for and-angio^nic activ- 
ity focuses on the glycosaminoglycan« hepann. and its 
ability to enhance the effect of angiogenesis factors. For 
exampto, protamine has been shown to possess a very 
strong affinity for heparin as do many potent stimuli of 
angiogenests (heparin-binding growth facors). It has been 
hypothesized that the anti-angiogenic effect of protamine 
is a function of its interference with these ^vrth facton' 
sdmulation of capillary EC functioiu via bmding of hep- 
arin. In support of this hypothesis, it has been shown that 
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the mitoflcnk activity of soluble and matfix-bound f CF it 
inhibited by proumine^. Additionally. PF4 was originaQy 
tested for its anti-angiogemc ability due to iu high affinity 
Tor heparin and it has been suggested that the mechanism 
by which it inhibits neovascularixaiion may be similar to 
chat of protaffninc^. 
CONCLUSION 

The naturally occurring balance between endc^nous 
siimulaton and inhibiton of angiogcnesi* it one in which 
inhibitory inituetioet predoounate^^. In those rare in- 
stances in which neovascubrization occurs under normal 
physiological conditions, such as in wound healing, corpus 
luteum acvelopment and embryogenesis, it is stringently 
related and temporally and spatially delimited* . Un- 
der conditions of pathological angiogenesis such as that 
characteriaing solio tumor growth, thiese regulatory con- 
trob CaiL These observations suggest that a viable thera- 
peutic urategy for the control oftnose diseases character- 
ized by deregulated neovascularization can be developed 
pendinff the availability of potent, reliable and biologically 
campat3)le angiogenetts inhifaitorv. 
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' Junior Growth and Neovascularization: An Experimental Model UsinE tha 
j Rabbit Cornea - me 

' Michael A. Gimbrone, Jr.,^ Ramzi S. Cotran/ Stephen B. Leapman,^ and Judah Foikman 



SUMMARY- By intracorneal implantation of tumors In the 
eyes of rabbits, the early neovascular response to solid 
tumor growth could be directly observed. Fragments of 
homologous tumors- Brown-Pearce epithelioma and V2 
carcinoma— were implanted into the avascular corneal 
stroma^ of rabbits at various distances from the timbus. 
Tumor growth and neovascular response of timbal vessels 
were studied by: 1) Slit Lamp Stereomicroscopy, 2) histo- 
logic examination, 3) filling of vasculature with colloidal 
carbon, and 4) autoradiography after exposure to ^H* 
thymidine. Centrally placed tumors spread as thin plates 
jntil they reached within 2.5 ± 0.5 mm of the limbus, when 
new vessels began to grow from the limbal plexus toward 
Ihe tumor edge. When tumors became vascularized, they 
grew rapidly into exophytic masses. Peripherally placed 
tumors evoked early neovascularization. The prevascular 
growth of incompatible rabbit homograft and mouse xeno- 
graft tumors suggested that the cornea, before its vascu- 
rarization, was an immunologically privileged site for 
tumor growth. Intracorneal polyacrylamide gel implants 
containing tumor extracts elicited a specific pattern of 
corneal vascularization not observed with nonmalignant 
:ell extracts. These experiments provide a new model for 
study of tumor growth and neovascularization in a site 
•vhere there Is anatomic separation of tumor cell stimulus 
from host vascular response; the technique of corneal gel 
implantation may be useful In the characterization of 
mediators of neovascularization. -J Natl Cancer Inst 52: 
413-427, 1974. 

1 ME CiR(.)\V'I'H of solid neoplasms is associated with 
the. proliferation of capillaries in surrounding host 
tissues [s^e (/) for review!. Studies in this laboratory 
and oiher laboratories su;^gestcd that the malignant 
parenchyinal cells and the nunmalignant host vascular 
stroma within a solid tumor are mutually dependent 
(/, 2). Tumcn* cells can stitnulaie endothelial cell 
proliferation and wcw capillary oiiterowth (.>, 
\'.'ithotit which a tumor implant reitiains tltinnant at a 
sm;ill size {j). Idcilh", i{ the malltrnarit parcnchv ma uf 
.'1 stMid tumor cjuld be cxi-'erinurntjlly s<;p;ir;jred from 
t!ic resp»j[:cii:;ir host \cs*sels, vsays oi disruptii;t< tin's 
i:iterriependence could beitrr sludit'd. 

'f his i^'purr desrribfs rhc nse ijf rhe r.ibbit corruM 
t.i sL'hiv prr-v.isrtdar ruii or vn-uuMi and host's aniriu- 
.'J -nic n;spi.n.se to l\vi- m:;;,,r erlls -tm.' turn- ir-anuio- 
u--;u-sis ta'M-M'i ( I'AF's; { j, 6). Ihr c.umkm prov ided a 
cansjjaroju a\ascular snbsrraiu:ii iii wlijrh :hr<r 
'/ve.'U.s ( onld i)e foi: ti los! v obvi^ed in v:\o. lir.- 
f-..i:; r.t rtoii ac \ a:'v;nir . ji<r.ii;f ''s h'om riic t Irt Iml^^r^.'n- 
f al innbal v.->s<\s jji'. i ..u rN j .m anatomi'" srf)arar!on 

.!Ll' av.nI ill, i< i ).'ttd''nr . ;b.s'.T\ ari* ):is on rli,: tieiiav ii *v 
> 1 hi.d^ ^'I'mirms. Aiih'^imi; tl:c cuiiica has \)rrn uvf] 
''\U'\[S\vr\K- r-j ir,\*;sr;- ',rr. v.irions a>pirrs ;it;(.n asrn- 
»jr:/af:on, r(> C'lir ki;..u\K-;Jce, Pais is t!u; tust time (he 



cornea has been used to rxanunc in detail tumor 
growth and angiogenesis. 

The rurrent study was concerned piimarilv with 
the vascular events after n>rneal implantation of 
homoloijrous rabbit tumors: the Brown-Pearce epit 
thehoma, ANhich spou taaeously rei^iesses, and tlie \'2 
carcitioma, which ^rows proi?ressivelv. Preliminaiv 
experintents are also (jrescnted on intracorneal ird 
implants ot Walker 256 carcinoma ,xinu-h with known 
antjiogemc activity (.;, 6). ^Ui:vn^v:i:u quantities of 
active r.Af tivactions elicited a distinctive pattern of 
iorneal vascularization, as compared to the pattern 
produced by nonnjaligiiaji t cell fractions and ic.active 
tractions ol malignant cells. 

MATERIALS AND METHODS 

Animals.— \l:ilc New Zealand VVIiitc rabbits, 
uutially b wart-ks old and ucighini/ 2-:i kg, were used 
for propagation of tumor stocks and for'all experi- 
ments. 

Tumors —Stocks of Brown-Pearce e[jifhelioina\ind 
V2 carcinoma^ w<tre nuiiiuaiued by sterile anterior 
rhamber and in trarimscular passage, respt:etiv<dy ; 
7- to I'l-day-old non-necrotic nodules were sterilclv 
excised and minced with iridectomy scissors in 
isotonic saline. 

Implanintton technique (text-Jiif, /). — Intrav enous 
pentobarbital anesthesia (25 mg/kg) was supple- 
mented by retrobulbar infiltration with Xylo- 
caine (text-tig. 1, part 1). I he evr: was moved forward 
and secured in position by a fold clamped in the 
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Hralrh S.»r'.i*.- ( :.in-cr i Vvr-lojucrnt A'.v.ird iV-.n: 0:r National 
i ff.irt .i[:<i Luni; hi>f it aU.*. Addrr^; r'-print rci^i : ic-*)f.s to Dr. 
( ar:tri . 

M;r-parr:!:f':;t ,^(" .Si,ri.;."rv. C*hi:drrM'i Mespical Nfvdicai 
(If'arrr .tr>l Hjr-.ard Nfrdit.d s. H..>t.>n. .Vf.iss "'J i I ,i 

' Wk fh.iiik t hnsr;i:c K K'-iIrr. Nfr. Paul VV.-;.tr-y, iiid 
Nfr. hiMCK tv.oh,ii\--.in tV*r ih'-ir ^x, rli.-n; tr.-aiM< al i.-.'i^M(i<:c 
a;:d Mr. |au:s ( 'ii'-iliN :;.r his . !r.iu;i!-j.- 

•W'-, :l\c'k Mr. S. \\. P.,;irv. N oj-al Cmrrv l;:stitatc. 
Il sr diis !t;.ii-'; ijt 

' W'r rha:ik Mr ^u;t'.rv•r W. .d. M' f.k l:i.d:iirr-. Uv this 
':'a'frial ' . 

* Uc [h.t:',k I »r. \i /a-f-w-./.a;:, Krf;;M K .nn'.lari.Mi, Ki;>f-n, 



/•fK.VAl. laih NAriwVM. csNCl'R IN > ri Tt ' TK , vajL. NO. 2, H-HKCAin' i'i:f 



4n 



Best Available Copy 



414 GIMBRONE, COTRAN, LEaI'MAN, AM) FOLKMA.V 



lower lici. ^Vith a Rard-Pnrker #11 bladr, a super- 
ficial incision, 1.5 nun long, was niaii<! in the cornral 
dome i'.> ^'^^c side of its renter (lexi-ficj. 1, pan 2). 
Before prtKceding, we reduced iniraorular reusioii 
by drain i'lt^ h small ainount of aqueous humor from 
tlic anKtrior (han.lxr through a 27-trauge needle. 
The ineision was then rnintinued down into, hut not 
diroui^li, the cornea. A nulleable iris spatula (1.5 mm 
width) u'as inserted and an oblong pocket fashioned 
within the corneal stroma (text-tig. 1, part 3). 
Peripheral pockets ended 1-2 mm from the limbus 
(cornea-scieral junction); central pockets were posi- 
tioned near ihc corneal apex (5-7 nun from the 
limbus). A small (about 1 jnm^) piece of minced 
tumor was deposited in the botroui of each pocket 
(text-fig. 1 * part 4a)j which then sealed spontaneously. 
\Vhen an inadverient perforation occurred, the corneal 
pocket was i\ox used. All procedures were performed 
sterilely. No antibiotics or special eye care was 
necessary. 

CeU-Jree exlrruts of tumor cells and normal cells in po/j" 
acrj'lamide gel, — Each cell-free extract of malignant and 
normal cells was simultaneously tested for angiogenesis 



activity in the rat dorsal air-sac assa\\ as prcviouslv 
described f .^). The following extracrs were rcsteo : 
I j '■Clrude*' cytoplasmic TAK was nbtaincd by nitro- 
lien caviraiion of Walker LMh ascii.es mmoV rrlls. 
Xuclei were discarded, and the snperr.atant w."s 
eentrifnged at 3o(\0U0*-;^ for 1 hour. The f>ellet con- 
tained anuiogenesis acti\it>' t.*>j. 2) Xiielear chroma- 
tin. nonhi.stone TAF fractions were prepared fn^m 
Walker 256 ascites tumor cells (O'). Their antriogenesis 
activity was greater than that of crude cytoplasmic 
TAF on rat bioassay. 3) Xuclear cliromatin, histonc 
fractions, similarly isolated from Walker 25b ascites 
tumor cells \6), contained negligible angiogenesis 
activity. 4) Xuclear cliromatin, nonhistone fractions 
were prepared frorh adult rai liver cells by the* same 
technif^ue as that used for TAF preparati(tns {0). 
These contained no angiogenesis activity on rat 
bioassav. 

In the original experiments {see table 1 ), soft poly- 
acrylamide gel, buflfered at pH 7.4, was prepared by 
the adjustment of the proportions of reagents, worked 
out in our laboratory by (J, Mackie (unpublished 
data) and described by Folkman et al. (7), to yield a 
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7 .icrylarnidc S'>liiti(jn. All rcai^rrits wrre (Jissolvcd 
l:\ ^icrilcr. [jyroL(cn-rroc, distillcrl water and were passed 
, f:;r«)'iuh a Milli[j(jr^ Hker irmuediacely beiure use. 
j'owtrver, a irn uliticarion was recently made (R. 

j A.^'^r^-^'^^^^^' ^-^ Aiisprunk, J. Folkriian, unpublished 
c.ita,^ '^li-u reiluros nonsperiHr iriflariur;atioii due lo 
I t;".e nrrylani'.Je '.ie;ji.isit ; i.e.. all reagents were dissolved 
Rin!j:er\s lactnre iii.^iead of distilled water and ihc 
I ;i.jr\ biniide solution was made up to j'*";, rather tluin 
I 7- ; us tulluws: 

luti''>n A: 

; Acryla.'p.idr 1 g 

\ Risarrylaiiiidc O.O.-Sf) tjr 

hlf pts butf<T 0.!*)*Ji( 

"* Dissol'.cti in 2') ail Rinifcr's lactate 

1 ^f. B; 

I i/- in 10 ml Rinijrer^ lactate, 
^iolution C: 
! St.xiiuni bisulhte, NuI ISOj. 

I g in 10 ml Rinijcr'j lactate. 

Soltitiun A was .idjij."itcd to pFf 7.4-7,6 wiih In NaOH. Tu 
'2') ml ot -olation A, nil SDlution B was atitied, t'ljllow^d by 
0. tid bohiti(}n C. Polyrnrriziition ocr larrd after al>:>LJt 10 

inures. 

Samples of each extract were addttri durino: polym- 
r rizatiijn of the polyacrykimide ru proiluce a 20';; 
tiual suspension (voI vdI), The resultinijr s*jft ijels were 
i;jsi!y extruded through a 25-i<auge needle from a 
microliter syrini?e. A total of 5 10-m1 of gel was de- 
posited into peripheral corneal pockets (text-fig. 1, 
part 4b). Each sample of the cytoplasmic TAF con- 
raiued about 100-2<X) ms? protein; nuclear TAF and 
l:\er coll samples contained about 1.0- 2.0 protein. 

. SUrfom u 70 SCO pic 0 bservations . — Eyes vv i th r n rne a 1 
implants were examined daily by 2 observers with the 
aid (')f a Zeiss Slit Lamp Srere<>microscope (('!arl 
Zeiss, Inc.;^ at 10-40X. 'lumor and new vessel 
uuovvth were measured en face with :ni cjcular microm- 
eter at lOX (measureuKuu error+_0.1 nun). A grer-n 
tdter allowed clearer definition of Hne vascular 
channels developing within the cornea; intravenous 
injection uf U.a cm'^ Huorcscein (lltiorescite, 
:jqui-f.)us .S')lution, Nfoorc Kirk r.aborarorics) ki< aud 
>.obalc blue illuiuination help<'d to inuline ol)jectiveiy 
'M'eas ot pcifiLsion within crrouiii*,' tiiinurs. Serial 
L'.iasrra.T^s *A the \a.scu!ar reactions associated widi 
":■•!'>*) corneal irnplaius o^er a 12-momh period 'Acre 
•iius coilcctcd and compared. 

/ / ; .)t .-■/ ■ '4-;.' 7' -z:/ r. /; ;'r,;y;/;;c ; /.7* /.v r. ■* F:^ n r i re a t U( • r io r 
■:t'i;:r.eii is tt\a'n<.'a ;i;:d iiis) were excised and hx-'d b\' 
m!:;f'rsi<jn in 10', faUferrd fornMlin. P.uMilin srctioiis 
•Acrc pn';iarcd a:;f| .staiia.d v\-i!h hc::;a:o\ viin and 
a* ochfi' special st.u.ns wlum :-hi:t\tte<l 



ill 



f^csulrs"). In 



(^'■irau: exper;n tir'sMlv '*\c..st;d, 
mn-ri.:-." <r'-\i\t-):< wrrr i rici.ii);^.;.:! 11: \n:-.:) :if ;37' C 
!n •■^cd:u::i <<)nf.i;nim; '\ aCi 1 l-di\ :;iid;;;e 

'Il-rc)I<i .ii;r, 2 (".] ::;\r. Nr;vx h.i;-::.: \ut Irar 
't*').; Mir I ;h.:ur' hf-t.-re t:\afif.'[!, .\u ;ar.td -i^i aijlis 



Ae;>- :h''n j;i'c;)ai'f\.; f.u' >rj n, :.t r. ; tr;, ti-irjUrs ' .)') 

. //■.'• r ;.;.)■■///;' l*a;'-'r;is 'j!' Ccw 

■ [( a*!^!,i li. Ml \\id:;:i [\ir c^rr.fM W'-v*- <Mi:ii'tr'.: !iv 
u i<T!.il i;i jft' : Ml i/f fid'M' d c; .;|.m< :.tl '.aibon 
( rtuMuh.'t:-\ \ a'^!i.-r. IVjikar. I f.mn.i\ :m\ t Ifi mauv ) . 



and irlycerin-< If-ared whrjlemounis were pcfparrd .-13 
desta'ibed in ( .71 



RESULTS 

Summary of Observations 

Two distinct phases of tumor cell ,!^:ro\v(.h were 
ol)served after corneal implanradon of turiior fra-'- 
rnems: prexascular and vas( uiar *'text-fi'^. 2J. Tht: prc- 
vascular phase began when the tutnor slowly expand<rd 
as a rhin plate beyond the pocket botmdaries and 
ended when ru^wly formed corn<ral vessels reached th*! 
periphery of the tumor. These vessels oriirinatiaj a.s 
capillary loops fnym small venules in the adjacent 
limbal plexus ami *^rew radially, penetrating the cor- 
neal stroma in two or more [)lane3. Ac tlut point of 
union with the advancing rurnor edge, a ra[)idlv etrow- 
ing mass developed (vascular phase). Behavior follow- 
ing vasciilarlzation depended on tumor type: 
Brown-Pearce epitheliomas eventually regressed, while 
V*2 carcinomas continued to gnw into oxophytic 
masses. The duration of die prevascular phase was 
related to the initial position of the implant, regurdU^ss 
of tumor type: Xear the limbus. vascularization oc- 
curred early (7 12 days); beyond :i mm, it was 
much delayed (3-3 wks). 

Fanpty corneal pcjckers fashioned at distances 
^'>1 mm from the limbus never stimulated ccjrncal 
neovascularization. 

Tumor fragments, killed by being boiled in saline 
for 15 minutes and implanted in peripheral pockets 
(1-2 imn frorn limbus), did not elicit any macro- 
scopically detectable changes in the ctjrnea or ad- 
jacent limbal vessels. They remained visible, as inert, 
granular deposits, for as long as 3 months. Similarly, 
fragments from necrotic areas of older stock tumors 
often faiU'd to grow and elicited no neovascuL'u: 
response. 

Prevascular Phase 

\ ial)l<! tmnor f ragmen's began to grow within 21 — 
36 hours :ii'ter imidaniadon. (,'ent rally placed Im- 
pL'uirs (abotit 6 mm from the limbus) '^rew sIonvIv 
as I Ilia, ctrrular plat«'s within the corri'/.d su'Oina. Fhc 
ducknt'ss of these implams appeared to remain 
constant on sllt-ia-rip c\Mminjrif)u, while ,i:rowch 
occur red arouiul the periph';rv of ifiesc ini [plants. 
Thi: snrroundini^ cnrticd stroma re fn. lined clear, 
.m*:!, at lOX, a fea-herf.! (:fi«^e was visible where tlio 
:M:u».>r ^\,!S penetra tir.t^ aiufMu:^ die interdigitating 
c«';rneal 'aii.ellae. 

A !us'',)in<:ir seeiii Mi t;i'a l''i-d.n -ol. i eciVa'al icapLuit 
..f Br< )\v;i-Pca!"'"e. rpii ;ie[,o:r. I, in if.s j)reva'^cula r 
'jrriwrli pi:.i<e. [:> >}n;\vu ::i tit;; ire la. A br^iad, thtn 
t;l,!ie •;f *M:;ifir\ 'J') M) • eiis '!ii(k at I's ; lutxiirca : : i , 
\\.ts s' c;'i )i :rv ieii bv lel.i ! i\ e!\' M' w:ua! j)pe.fri nc^ 



C'':rr:c.!l 'ii.Vi'ix. fine '.;r' vvvim: C'lue (.iprM'cd -i a la\ er 



I \ cciN .mii v^\is weil li'muir.uet! fro:u th^ 

s; irr(i' uidir:^: c.w;u'.:l -■r<'::i;i. whie!) r^-:u:)i:u.'d Irct- ot 
i::f!ai:i:a U' :! v iiihhrat^' ii.ij;. l;; li^e r"r:rer oi clir: 

prcv'.csfMii.rr pLf'". rM::;tM- * r\\i .)t:e[i t.-xliiiiiwd 'Je- 
»'eneraii"n and ii'-'er. isi >. widi .u i;.;m'.il !i.L*.»n •>[ 
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a; prevascular phase 
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(B) VASCULAR PHASE 
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Tsxi-iiGUKE 2.— Thf 2 phasrs of tumor ctU L^rowth and 
siirnii.ary »jf ohsf.-rwit.ions with lumor implants. 

polymorphonuclear leukocytes. Howrvrr, ihc major 
part of tlic platr. its growintr edge, ;incl rhe layers of 
cells adjaceiu to the corneal stroma appeared histolo,^- 
ically viable. Incorporation ol'MI-TDR w.ts localizfd 
to tunior cells in the periphery of the [jlaros in both 
runirjr types frtcs. 2, 3j. 

The edge of (.entrnl iMiplants grew slou'lv inward the 
liinbus at an average rate uf U. il)-0.20 aiai day. No 
<',ipilLiry sprouts iVoiii !i;uh.)l \rsse!s wr-re ...!)scr\fd 
until this bt.Mxier approaclierl within 2.:') . 0,.a i:ui\ 
Mneau -r:>u, lU iaiplauts), iisualh' Murine '!ie 'ki 4ui 
\M:rk after ii-:planta :i. vj. At this sia^e. h:s!Ml.,t:ic 
sccfioiis of rhe s^ro-ia hcrwccn the tuuna- ed-e anil 
liu:bal v essr ^,,.re tVce of inllaf: irn.a. )r\ ii)Hh:Mir: 
lumbal \rs>ri\ ;hef;;<el\vs \wto o,T.i.^ionali\- en-oraed 
bur rarelv rxh;[>itrd aeuin.phihr exuda-.',:! ;ria. "^i. 

In rorrrasi, priiphr-ral laiplants i!-2 ::yrr, [:m:m 
h;Tibn>l eliriirvi It^^^• ra pii !ar\ .n)Tcr,A\-rh ,;<ea:i\ a^ die 
'^'^^ i'l iniaii^^n ^^]}r:x [hev !iad not lt'-ovmi 

fn;xr.ud :':e bMoialar^^ -hriy ;Mxk'-!S, hiie prr- 
ya^rular pliav- m prr;plicral iu.painis dius was 
hiniu'd to the L-'t wrrk^ 



Host Neovascufar Response 

Xewly formed vessels alwavs penctr.ueij the eornei 
ccniriperallyfroni the adjacent linibal area ami ^rew 
toward the advanciriix tumor r^l^c. Delicate cipilj-^rv 
loops originated perpendicularlv from small wnolr's 
in the hnibal plexus and ihc^n qu:w as elongated 
hairpins with r^rcasiional Hame-shaped hemorrhaees 
at rheir apices. Tanear t^rowth of t.hrse hairpin vrssels 
initially proceeded at ap]>roximaielv O.aO mm (iVv 
Ihen secondary and tertiary branches rapidly 
developed, convertingr the initial sprouts into dense 
vascular brushes. Vascular proliferation was ^'reatest 
m the anterior layers of the corm^il siroina but also 
occtirred in deeper regions. Histoloiric sections of 
growing capillaries approaching the rumor eck^r 
showed that the surrounding stroma was essentiallv 
free of inflammatory cells; the xessels proper showed 
slight or no margination and exudation of leukocytes 
Remnants of blood-filled ve.^sels occasionally were 
visible NAUthin recently implanted tumor fragments 
However, new vessel outgrowth frotn tumors into the 
surrounding corneal stroma was never obsenrd. 

Vascular Phase 

Penetration of any .sector of the tumor plate by 
corneal x'essels was followed by an abrupt increase in 
tumor volume at that site. Adjacent, thin areas 
gradually bccatne mcorporated into the exp.indin^ 
vascularized ttunor mass (ligs. 5, 6j. ■'Feeder*' 
vessels were prominent within the corneal network 
and vasodilatation of the parent limbal plexus 
occurred. 

Figure 7 (a, b) illustrates a tvpical sagittal .section 
through a central implant which was penetrated bv 
corneal vessels along its limf)al border: at this point 
the broad avascular plate, whieh deA^loped during 
the preceding 28 days, had rec(mtlv trrown into a i 
vascularized tumor nodule. | 
Vascularized implants of \'2 carcinojna .ercw | 
progressnt-ly into bulky, exophvrir masses which i 
f)rf)truded Irom ihe corneal surface (fii^s. «, 9) and ! 
eventually ulrerated. Hisioloirir sections ' of dir 
urowmg luniftr often revcalr-d foei of necrosis with 1 
infiltration by neutrophils and mononudrar fells ^ 
\ascular tumor crowtli prorrrderl in 3 < liuir-jsions ' 
at a Imear rate of 0.2-0.3 iiwa axis day, wirh an ap- / 
parent v< .lu:iir.dt robUnt: rime of ..^'24 li, )or,s In a ' 
sn-ies of 2a ii::planrs nf \'2 rarcin.vua, spontaneous 
nnnor reirrcssi. m uas nr-wr ol)ser\ed. 

Reeentb- vasculan/eri r:M)l.,nts uf Rr-\^a^- Pr jne 1 
'^iMtheliom.i initiallv exiiibtrc! a sio^ilar in-n-as*: in i 
irrowth rare and Erar:sKion ; a a-ciimensi. eial ^:rowt!l ' 
pattern. Fieure M illiisiratcs the ilea^e, \a<e-jhr j 
n'-fwork that devvloped u:flim lU. prni^hnv n[ .m ' 
:f:(|)lanr of Hn.w r, -iN-arer; <-pi:he.li( n: lj. ' ' / 
^ Howrv.T. m ca. h of 2o siaole o-piai-r^ of Mrown- 
l*earce r'i::a»r. }\\ir ar^Ms iM'..;in t,, ..ppca* waifiin the 
[onii'tr ii;a.vs a 7 t!a\> afler v .tvol :: :/a ih Afit-r 
12 I4da\s. a un-ossl\ \ .sii flf dr. -e\';se ro.oor . >lui:!e ( 
iMil oeeiirrr-d, whuJi iJroMrcs^'Mi ru roaiplrte dissolo- 
iion of t!ie tti:-Mrrr41 uarcfK Iv. a.a :)\ the .ki wrek, 
as seen in lin* Sht Lamo Sr. a-rr, .^r. .m,- r\J> ' 
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sauir ■ inx* conrstt for cur:^.or lysis was obscrvtxl alter 
v.isrularizarion ol' both ptriplicral and ccnirally 
pl:ic<M.i implants, dfrsjnto the i^reat diiftrn.'ncc in the 
(luniriori of tlic pn;\asru!ar ^yrowth phasrs of thcsn 
irriplar.is. 

With re!,Te5sion, ihe dense, neovasrular [irrw«:)rk 
(ti^. b) i^raduaily assumed a ''pnned-irrc" outline 
(ti^. 10). in wfiich tertiary ajid sceondary branches 
disappeared, leaving bare hairpin luops. By the kh 
wtrtrk, H'lw ii^ rhtrse primary channels ceased, as 
ji Killed by intravf^ions fluorescein injertion. 

Histoloi<ic secrions during regression (Hgs. 11, 12) 
revealed an inHanunatory intiltrate that was prt:- 
dcmunantly perivascular and mononuclear. Tumor 
cells exhibited vacuoli/atinn, nuclear condensation, 
and sit^ns of frank necrosis dig. 12). 

The only remnants of the completely repressed 
tutnur were curds of small clusters of lipid-laiiea 
cells that also contained lipofuscin and occasionally 
hemosiderin pigments, flistologir and ultrastruc rural 
details of regressing tumor vessels will be reported 
separately (D. Ausprunk ct al., in preparation). 

Xenografts and Homografts In Presensttized Animals 

In G aniinals in which intracorneal Brown-Pearce 
epithtdi(->nias had completely regressed, a 3ec<;nd tumor 
iVaguient of this type was iiuplamcd into the contra- 
lateral, normal cornea. Prevascular tujnor growth and 
new vessel formation proceeded as described for 
primary implants. However, vascular penetration of 
any sector of the turnor plate was followed by tumor 
lysis at that ponit within 24 hours, rather than after 
the usual period of 5-7 days. 

Intracorneal Brown-Pearce iniplantations were also 
performed in i animals which were presensitized by 
recent rejection of intramuscular tumors of the same 
tvpe (10). In these animals, prevascular tutnor grow th 
and corneal neovascularization proceeded normally, 
but vascular pet;etr:irion resulted in immediate lysis 
of the tumor plate. In contrast, \'2 carcinomas im- 
I}lanted into the contralateral corneas in the same 
animals rontinued to grow after vascularizafion. 

In 6 instances iiuracorneal .xenr-grafts of tra*/nienis 
i)f the trar.splan ta-ile Bl'> nious<; melanoma (carried 
in C">j7BL b hosts) wrp- attempted. Al'ter central 
ccjcneal implai-.tation, thin, [nemented, av ascular 
rumor [)lafes deveh^pt-d. When the tumor edge ap- 
proaf:hed within 2-3 nwn of the liuibal plexus, a 
rcniripetal outgn-u ih of cor:u-al vessels (5* curr»*d, 
siiiiilar ro that oSser\-f:.,l with homol-jeous r.\bhir 
t i!i:<)rs. Per.cfrn rion hv I'orncal srssels rfsuhfd in 
i;nit:ediate hsiScf the turiicr plate. 

Cefl-Free Extracts 

Pi (K .nTvlami. v:<*l :^us;;cr's:o[;s nt r\:ra';:s ii'i-in 
:;;ali'^n.t:u :\V;iikfT .i<r\:r^] i;!:.tl irar l\wv) 

(-'•'is pr''(ita f\l .5 C'-tuTal ;\m^^ i::s of li:!:S);d \'* <S''I 
rcsiJoi:sf\ js ';i;s<-rv('fl .ia:i\ u;;h r!i<' Slit l..m "^fr*'* i- 
TiiS" •)[:(• in \ .md . iiilined wi^h ^ i 'lli :ii.l.d (Mrb*'ii 
at 'lie ■ :h w ri an: ;*. lis w^vr k: llf'd. 



or exudate was observed. New M-^sd Lrrowrh either 
did not occiH" (fig. 1:3) or there was a slight <:apillarv 
outgrowth that cid :i';t penr-trate the area cjf the 
pocket ( tigs. 11, 15) for up to 'JO days of observation. 

2\ ^\e'KaSi::ilar ^/;/.Vr:r- lambal \ rs.^el erigorg^'nient 
(day 3) was foilowed by line, hairpin outgrowths 
Ulay 5), withnui signs of gross corural edtnna or in- 
flammatory exudate. .A dense, \ ascular outgnnvth 
then progressed at the rate of 0.25-0.30 iiirn day 
toward the pocket erlge (day 7-10). Penetration in 
and around the geUfilled [)ocket, with arborizatic»n 
and develo(nntmt of a line c.ipill.iry network, followed 
(day 10-16) (figs. 10, 17). Blcjod flow persisted within 
this network for several weeks, after which the vascular 
channels gradually disappeared. 

i) y^msptrijic inPiXmvidi'iry pattirn. — This was charac- 
terized by early (day 1-3] a[>pearance of gross corneal 
edema and mode race-to-severe conjunctivitis anci 
iritis. A dense, white exudate t<*nded to accumulate 
within the corneal pocket; samples of this exudate 
failed to yield growth on routine bacteriologic culture. 
A broad, brush-like pannus of vessels then developed, 
which remained radially oriented and did not arborize 
within the pocket (fig. IB) for up to 60 days* 
(observation. 

Table I surntnarizes the corneal vasciUar response 
to various cell-free preparations irnplaiued in poly- 
acrylatnide gels. Angiogenesis activities obtained in 
sinuiltaneous rat bioassays (J) are tabulated for 
comparison. A high degree of corndacion was noted 
for positive or negative nttovascutar responses between 
the 2 systems. Some false-negative responses in the 
cornea were observed with cytoplasmic TAF (17) 
and nuclear, nonhistone TAF (15) fractions. In this 
series, inHaininatory responses occurrt'd in up to 25*^,.; 
(jf controls. Although such respons<:3 can be nu'slaken 
for positive responses if daily observations are not 
made, the data indicate a correlation between the 
rat bioassay system and the <'orneal gel implants, even 
if all responses, inflammatory or positive, are counted 
as positive. 

In more recent experience, when Ringers lactate 
was Uicd as the solvrnt for poly.u rylamide instead of 
distilled water, inflammation \vas reduced, but stiil 
i)ccurred to varvintj dr^^rees with ddlVrcnt lots of 
a c r V 1 a : n i(.i e re a iie n t s . 

DISCUSSION 

Corneal in;nlaruarion pr'j\ idrs a:i e.Npr.aar:iental 
rr.odcl I'T t'j:r;r;r ar: ^iCvr-'nois 5f;dies. It Ims ^rAcral 
u^ct'nl tVatorcs: i) I :::j:tvr cjrf.nvdi .uai host vascular 
response are initialfy s<:;iar.ife<*i, v\liich allows in- 
i;;cp>enLlent i t|;<cr\ a f ifjris of rlie brli.iv if.ir of |-ji:)fb 
elements, 2) ;ht* corn'^M :\ ri.'Ltm'iiily tra* ■'>p;.i ren r, 
avascwl.tr s»r;ie^in*. \\\ wliiiii tlie iMtfS of rmr'.or 
LiT'^vvtli aiu:! new v'essrl l.ir::.ario!^ , bf' r.isilv i!.t;as- 
ored: ^x\A 3) *.he ^\\\ La:^:p Sr.a'ft^rra'a'OS'N.ipe <'n- 
ahlfS fr^-quf^it in \ivo o! is^rvarhMis, vvithoiir sper:al 
ii:.uii[.iidatttjns. .m :tn.i!a->:.lv;ri.'i-d a'Mi'ial. fr.o 
naturil "chai:il>-r" cf yxw: mna-a p<T;T;its us to ob- 
M X^K^ |.u>'^ a^-alar m::i"r crfj-Atli nal tiii' . arlit-St. 
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Fragments of homologous rabbit tumors ('Brown- 
Pearce epithelioma and V2 carcinoma) exhibited 2 
distinct phases of uTowtli after corneal ininlantation : 
prcvascular and vascular (text-fig. 2). 

Central necrosis and peripheral localization of -^H- 
TDR labeling (figs. 2, 3), within slowly growim? prc- 
vascular tumor plates, suggest that diffusion limita- 
tions for metabolites are a determining factor in their 
growth rate and geometry. Penetration and perfusion 
by corneal vessels (vascular phase) apparently pro- 
vided a more efficient mode of metabolite exchange 
and were as.sociared with transition to a more rapid 
3-dimensional growth pattern (icxt-fi-. 2, figs! 
7a and b, 8). ' 

A similar contrast in tumor growth patterns before 
and after vascularization has also been observed in 
the anterior chamber of the rabbit eve (.5). In that 
setting, ihc beginning of cxpoiicnri.il growth of a 
tumor implant coincided with its v.isculari/ation from 
the subjacent iri.s. Before host vessels penetrated, 
.growth rate for a given rumor w.is essentially linear 
PrcNcntinn of any vascularization resulted in small 
dnrmant turners which remained viable but failed u> 
grow Therefore, .is seen in situations where prc- 
vascular tumor growth can be directly obser\ed 
f)enetranon by host scssels ap|5enrs ncce.<sar\ for 
rapid, nialign.Tnt erowth partem. 

■r.'ie cornea hcf(..re its va.scuIari;'.ition bclKU-es as 
an •i-nmnriologicaily [)rivil,'-rcl .<i:e" for l;otiincTal"!s 
..1 corneal tissue (/;). The . nrrcnt exp(Tinirnfs%u.- 
gest this IS .-.bo so lor luitior i'-iiplanis. .\cru.il priii-ira- 
non of cornonl \<;,s.^cis ini,. .N-.-no-ralLS, or incoi:;na;il)l,- 
noino-jrafrs, was roqui.-ci U>v Punor rejr- rion. IVi;^Mr^■ 
Kroun-Pc.uxe tur-rjrs nr\er shour-ci >-'i-r.5 of rrj.Tfiori 
unti J-/ days .after f.'-.rir n a.sculari;-ari.,.n. r-eaniirs. 
"» rhe duration ofth^ir preva.scii!,ir LTOwiii. P.vs 
app.-u-ent f/ulureof <e.-i5ir;.:afiun. hv luwa.^rKlar -irin-.s 
?"*■*> '"^ '■■'■■■"'•'^ ai:..v ;;r c of Ki-.phatic . .h.um.is 

;n -he un\ ascuiari/o! f, ;-r..-a < /.'. / 

r.fw i;|,,nd \.-s.s.;i ti.r;i;ari.in ohsrrwd m 'h.-ir 
.stuoics ..r;-it..iicd in Minr.iiMriinu i.ost :i<s,u.s \l. 
tl!0.u;n reiMna;;fs ol M-.-.d-fil'-d sv.s.m-|.< were or- 
casio;;a.lv vi.s.Mc uit!,ir, iVc^lilv ;n:platit,-.| rn-y.,- 
I I iciit.s, oi.rgrou'i, ,,f i.'.cse- intrinsic .•..pilh.rios did 
not orcur. I'l. so hnciiin.'s .icrc: with -h.jsc ■ .f .Mrrwin 



and Algire (.//) who empha.si7ed the host oriLnn of 
new ve.sse 3 stimulated by subcutaneous tumor grafts 
Corneal vessels were not formed in rcspoiise lo 
sham procedures, heat-kilk-d tumor fragurcnts. or 
necrotic tumor fragrtients. X'iahle irup,lants"..timulated 
capillary outgrowth which became orcanizod into 
net^v..^ks within the tumor parenchvma (fiir «) 
In growing \-2 carcinotnas, these networks ^became 
proirressuely denser. 

In regressing Brown-Prarcc rumors, tcrti.ary and 
secondary va.scular branches rapidly disappeared 
leaving a .skeleton of hairpin charmels (fi? 10)' 
Durmg the peak of regression, when tuinor cell 
destruction was extensive (figs. 11, 12), no new corneal 
\ e.ssels were formed. Therefore, the presence of viable 
tumor cells appeared necessary for the formation 
and maintenance of corneal vessels. 

The following oh.ser^-ations sugi^est that this tuinor- 
mduced va.sculanzation was mediated Ijy diffusible 
substances: 1) When host v(.-sseLs beiran growincr they 
were separatetl from the riinirjr implant bv 1 -3 mm 
of normal-appearing .orneal stroma; 2)' capillary 
budding a^^•ays originated from a limited sector of 
the adiactrnt limbal plexus and develop<-d into clon- 
uated hairpm loops directed toward the tumor edijc- 
and .},) n(. capillaries foniiod untd ihc fn.rder'oi' 
flic central tumors liad urown wiriiitt ■■'l-tjl 
<:'ican~su. 10 implant.s) of the linibu.s. which often 
took 3-4 weeks. In r.,nt.rasr, paapheral uapiat;;.? 
'I - mm from hii:h.;s) elicited \f-<.>ei lorrnarion 
i-ariy as ihe 3d kh day. 

This pheuoiueiion of'a 'Vriiir.,1 .:i:sr:,;,re" lor iiiitia- 
rion v,i,sr.;;ari/:itinn aod (h^ diu:* ti..nal oiM>rrowih 
"f the licwly ifirrsied \es.<'-l5 .U''- eu:;<i.sfei:i u'i:h ihv 
r.-le.asr; of ,a smnwlat.or) ta. ior^s; Ina:! the tumor site 
and irs L-rtCual diffo.siori rhnnmli rhe eomeal stroma 
!•> reach host x e.^^ei-; .It iim.'.p.s . /.:. I,-.)l-,t,t.- 
vM'hin the -rritiral di.s-ane,;- ..pp:uvo ilv ,.,rov'ide a 
sopratlircshoid ei-.ticenrfatin.-i t'> u.;,!rl)v li;i!:Ml w.s.sels. 
w!u'f-as eenrral rumors nn.q eiv^v uiihin :!iis rar.c' 
■''ci'jre .1 ila-eshold r.<ii! e::;r:i:i. II, i, ;•,.•.,.-!, 

i-Mrthcr ev idenee f,,,- ;;■„. dilTusi.ju .>f .m arv^io-eni-- 
I K i.ir fiv.rn intra. >r::|,ir rum.. is im^i sorrMondiug Ims;. 
ussues \v„, provided m r.':. uhj..-;, dde.niirr.ied 
n':-o\ riseu!;o-i;:ariori in ihf iriv .,!; : 
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TtMOR GROWTH AND NEOVA.SCL'LARIZATION IN CORNEA 
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' (.-.ornonl turaors. Iris nrovascul.irizirioa nlso indicated 
:har vasrularization of thr f.urntra is not tvicr':!/ a 
phcnuriicnon p'cnliar to that tissue. 

\<r(iv.'!srularization is a component of rt'.any disease 
pi*nccs.s<.:s ot the cornra, and various theories have been 
i;ro[>03ed to (rxplain this (//). N[osi recent work<TS, 
!:t:ree:iig fhat corneal cdotua, per se, is not a sufficient 
j'iirnukis I'^r r^^^^^v' vessel forrnaticm, have cinpfiasized 
uic rolct of chemical mediators U6, IS), Intracorneal 
infusion of v.isoactive or inrtanmiatory amines, such as 
i.*rofonin, bradykinin, and hisran;inc, can pnxiucc 
■ ascularizition {10), as does necrotizinij trauma to 
the corneal stroma [I'k /o'). In the current siudy, 
capillary outj^rowrh after viable tumor implants 
■x:f'U]Teci without srrf)ss corneal edema or histoIo5jicallv 
significant stromal cell necrosis. Leukocytic intiltra- 
tion was often minimal or absent, l)oth in linibal 
vessels in the prevascular phase (^rig. 4) and in out- 
.^rowin.sir capillaries as they approached the tumor 
edge. However, we did not perforiTi a detailed 
liistolo*?ic analysis of the relationship between 
neovascularization and leukocytic infiltration or 
'::xperiiaents to examanc the cfTeci of inhibition of 
leukocyte infiltration on capillary out^Jrowth. 

Studies in this laboratory have kd to the isolation 
of cytoplasmic and nuclear fractions frorn tumor cells 
t TAF), which arc mii0£?:enic for capillary endothelial 
cells (J, and can evoke neovascularization in test , 
animals of other species (/). To help characterize the 
specificity of the tumor-induced corneal vasculariza- 
tion observed, a variety of active TAF fractions and 
inactive control preparations were tested for corneal 
\'asr idari za tion ac tivi ty . 

The simple presence of new corneal vessels was not 
a satisfactory endpoint because inflammation with 
vascular pannus formation occurred with control 
polyacrylamidc ;j:els (fig. 18). However, daily observa- 
tions with further criteria — 1 ) absence of i^ross corneal 
edema, 2) absence »jf pyo^jenic infiltrate, and 3) 
directional irn^rowth and development of an orijanizcd 
capillary network within the area of the pocket — 
jx'Tmitted differentiation (jf positive (figs. lb, 17) 
from negative (figs. 14, 15; or inflammatory patterns. 
As table 1 shows, po*iiti\>r neovascular patterns were 
:3r(jduced onlv hv active T\V fractious. Alrhoui?h the 
obstTvations \vt*rr the ^peciticlty of l AF-indilcrd 
rorncal va.^'rulariza.f ion aiul its sin"^.!larity to the fico- 
va>cular pattr-rns -'licitrcJ by ruuior iiiiplaars sutrtcest a 
r:erharii.stu coinr::nu to l;ofh. and further, turnor 
aatrioi^^t-nc.sis in t!ie corrt^a ;i:a\' be coiiiparable to that 
ob.-cr\-ed in otLer .marouiir -'ires, ('ortical s:'*l iuiplan- 



tatir)n may, therefore, provide a modrl for the studv of 
possible n:rdiators of aeovatcularizatioi; in tumor 
growth and other pathologic ^states. 
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Finimt \ ~ ffistolutric section of luribaJ vcssrla from same cornea .us shown in fitturr. I, in prrvascular pha-sc of tumor growth. .V./A- 
abs< iii:r ot lrtikocytic i/ihitratr. H E. X UM) 



TtGi RE ...—Survey phot.igr;.ph o/ colloidal carbon preparation showini? wh. J.- rornra L'7 Hav<! iftcr rrntr-.I i.,,r,U,„,,; ■ , r 
Pcarcc cpithchonia. T.imor first trr.-w .is ,in .ivascul.ir plate 'Vr^v^.,^}. N^-w vessW It^rotth P'^";'-»"7n "f 

whrn r.ght-haml borck-r of tumor approachnl within 2. -, „un of lirabus y 4 '^"««^'"wih o,larg.:d „. h 
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Ftoi re f>.-' }hf(Uvr majtrnification of vasculariz(rd rccion of tumor olatc shown in fitrnr/. ^rr,.,.-.^,^ .1 ^ • . r, 

v.x.cwlar network is .ypical of growing Krown-P.arce nodule ^.Xuh .irU' L.^r^^^^^^ 

FiGtRE 7.— ,j) Sagittal .section of cornea clays after implantation of Brown-IVan-p rDithelionvi frKT,„<.nf T f, i- u 
J\oU .iv.x.cijlar tumor pJate CP) and v Mculari.cd nwlule at its periohcrv H v () A ITI.,h ? v • " " 

ized nodule. Arrou^ po\„U to early perivascul.ir inliltratc X 65 P"'P''''^>- " ^ "'• *^ '^'Shcr magnification of vascular- 
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Figure l3.-Salinr-grl control days); complctdy ..egntivr. r.sp<.nsc. 
FiOTTHE 14.— Salinc-grl control ,22 clnys); ncijativr rrsprmsc. 

« 

F/oi-RE 18.- "TAF-iriactivc. nurlr-^r. histonc fraction from W Wkrr --.r r.. ti . 

uf a drnsc, vascular pannus d.irini, ihr. >d work ' ^Kuxrn.i within the (.r.t ^ days and u.rr foi;Lrd by d<^d!,pu!rni 
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Thalidomide is an inhibitor of angiogenesis 

(fibroblast growth factor/rabbit cornea) 

Robert J. D'Amato*, Michael S. Loughnan. Evelyn Flynn, and Judah Folkman 

Department of Surgery, Children's Hospital. Harvard Medical School, Boston, MA 02115 



Communicated by John A. Glomset, January 3, 1994 

ABSTRACT Thalidomide is a potent teratogen causing 
dysmelia (stunted limb growth) in humans. We have demon- 
strated that orally administered thalidomide is an inhibitor of 
angjogenesis induced by basic flbroblast growth factor in a 
rabbit cornea micropocket assay. Experiments including the 
analysis of thalidomide analogs revealed that the antianglo- 
genie activity correlated with the teratogenicity but not with the 
sedative or the mild immunosuppressive properties of tha- 
lidomide. Electron microscopic examination of the corneal 
neovascularization of thaildomide-treated rabbits revealed spe- 
cific ultrastructural changes similar to those seen in the de- 
formed limb bud vasculature of thaildomide-treated embryos. 
These experiments shed light on the mechanism of tha- 
lidomide's teratogenicity and hold promise for the potential use 
of thalidomide as an orally administered drug for the treatment 
of many diverse diseases dependent on angiogenesis. 



Thalidomide is a potent teratogen. It was developed by 
Chemie Gninenthai in the 1950s as a sedative that appeared 
so nontoxic in rodent models that a LDso could not be 
established. In 1961, McBride (1) and Lenz (2) described the 
association between limb defects in babies and maternal 
thalidomide usage. Although humans are exquisitely sensi- 
tive to the teratogenic effects of thalidomide » experiments in 
rodents failed to reveal similar effects (3, 4). Teratogenic 
e£fects could be experimentally reproduced by the adminis- 
tration of thalidomide to pregnant rabbits at an oral dose of 
100-300 mg per kg per day (5, 6). Over the past 30 years, the 
mechanism of thalidomide's teratogenicity has been exten- 
sively studied but has remained unsolved (7). 

We now postulate that the limb defects seen with thali- 
domide were secondary to an inhibition of blood vessel 
growth in the developing fetal limb bud. The limb bud is 
unique in requiring a complex interaction of both angiogen- 
esis and vasculogenesis during development (8). Vasculo- 
genesis is the formation of a capillary bed from endothelial 
cells that have differentiated from mesenchymal precursors. 
Angiogenesis is the formation of new blood vessels from 
sprouts of preexisting vessels. Therefore, the limb bud would 
be a particularly vulnerable target to a teratogen that inhib- 
ited endothelial cell function. We chose to examine the effect 
of thalidomide on growing vasculature in the chicken chori- 
oallantoic membrane and in the rabbit cornea. 

MATERIALS AND METHODS 

Ghicken chorioallantoic membrane (CAM) assays were per- 
formed as described (9. 10) and the effects on the developing 
vasculature were recorded at 48 h after implantation of the 
0.5% carboxymethylcellulose pellet containing various 
drugs. Corneal neovascularization was induced by an im- 
planted pellet of poly(hydroxycthyl methacrylate) (Hydron; 
Interferon Sciences, New Brunswick, NJ) containing 650 ng 
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of the potent angiogenic protein basic fibroblast growth factor 
(bPGF) bound to sucralfate (sucrose aluminum sulfate; Bukh 
Meditec. Copenhagen) (11). The addition of sucralfate to the 
pellet protects the bPGF from degradation (12) and provides 
for its slow release, thus producing consistent aggressive 
angiogenesis that is more pronounced than that induced by 
bFGF/Hydron alone. Release of bFGF from pellets contain- 
ing sucralfate/Hydron could be detected in vitro for up to 4 
days after the pellets were formed compared to just 1 day for 
pellets with Hydron alone (11). Pellets were made by mixing 
110 /il of saline containing 12 /ig of recombinant bPGF 
(Takeda, Osaka) with 40 mg of sucralfate; this suspension 
was added to 80 i»X of 12% (wt/vol) Hydron in ethanol. 
Aliquots (10 /ul) of this mixture were then pipetted onto 
Teflon pegs and allowed to dry producing approximately 17 
pellets. A pellet was implanted into corneal micropockets of 
each eye of an anesthetized female New Zealand White 
rabbit, 2 mm from the limbus, followed by a single topical 
application of erythromycin ointment on the surface of the 
cornea. Histologic examination on consecutive days demon- 
strated progressive blood vessel growth into the cornea 
toward the pellet with only rare inflammatory cells seen. This 
angiogenic response was not altered by severe immune 
suppression with total body irradiation, and pellets with 
sucralfate alone did not induce angiogenesis (data not 
shown). Unlike other models of corneal angiogenesis that 
utilize inflammation to stimulate neovascularization, the new 
vessels arc primarily induced by the bPGP. The animals were 
fed daily from 2 days after implantation by gastric lavage with 
either drug suspended in 0.5% carboxymethylcellulose or 
vehicle alone. Thalidomide was purchased from Andnilus 
Pharmaceutical (Beltsville. MD) and EM-12 and Supidimidc 
were kindly provided by Grunenthal (Stolberg, P.R.G.). 
Immunosuppressed animals received total body radiation of 
6 Gy for 6 min immediately prior to implantation of the 
pellets. This dose of radiation resulted in a marked leukocy- 
topenia with >80% reduction in the leukocyte count by day 
2 and >90% reduction by day 3, results that are consistent 
with previous reports (13, 14). 

The animals were examined with a slit lamp every other 
day in a masked manner by the same corneal specialist 
(M.S.L.). The area of corneal neovascularization was deter- 
mined by measuring with a reticule the vessel length (L) from 
the limbus and the number of clock hours (C) of limbus 
involved. A formula was used to determine the area of a 
circular band segment: C/12 x 3.1416 [r^ - (r - L)\ where 
r = 6 mm, the measured radius of the rabbit cornea. We have 
utilized various mathematical models to determine the 
amount of vascularized cornea and have found that this 
formula provides the most accurate approximation of the area 
of the band of neovascularization that grows toward the 
pellet. Only the uniform contiguous band of neovasculariza- 
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tion adjacent to the pellet was measured. The noncontiguous 
neovascularization, which can be seen superiorly, was not 
quantified due to its irregular shape. These vessels that often 
grow concurrently toward the pellet from the superior limbus 
arise from vessels of the superior rectus supplying the limbus, 
are directly induced by the bFGF/ sucralfate pellet, and are 
histologically identical to the inferior limbal vessels. How- 
ever, it should be noted that this superior neovascularization 
was commonly seen in control animals and was never seen in 
thalidomide-treated animals. Thus, the total inhibition of 
neovascularization is conservatively underestimated. 

RESULTS 

Our initial investigations were performed on the CAM. 
Neither thalidomide nor EM- 12, a related teratogenic analog 
(13), exhibited any inhibitory activity on blood vessel growth. 
This result was expected as it has been proposed that 
thalidomide must be metabolized by the liver to form an 
epoxide that may be the active teratogenic metabolite (16). 
Other thalidomide analogs that have been shown to be 
teratogenic in rodents (17), including phthaloylglutamic an- 
hydride (PGA) and phthaloylglutamic acid {PG acid), were 
also analyzed (Fig. 1). Interestingly, weak antiangiogenic 
activity of the developing vasculature was seen with both PG 
acid and PGA when 100 fig of either compound was placed 
on the CAM in a pellet of 0.5% carboxymethylcelluiose. 
Despite frequent mild scarring, avascular zones were pro- 
duced in 15% of the CAMs with PGA compared to control 
0.5% carboxymethylcelluiose pellets in which no avascular 
zones were seen (data not shown). 

Based on these initial findings, we decided to test tha- 
lidomide's effect on angiogenesis induced by bFGF in the 
rabbit corneal micropocket model. Treatment with a terato- 
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Fig. I. Structure of thalidomiJe and related analogs. 



genie dose (200 mg/kg) of thalidomide resulted in an inhibi- 
tion of the area of vascularized cornea that ranged from 30 to 
51% in three experiments with a median inhibition of 36% 
(Figs. 2A and 3) (n = 30 eyes; P = 0.0001. two-way ANOVA 
with ranked data). The inhibition of angiogenesis by tha- 
lidomide was seen after only two doses (Fig. 2B). The rabbiu 
did not demonstrate obvious sedation and there were no signs 
of toxicity or weight loss. The teratogenic analog EM-12, 
which shares the other properties of thalidomide, was also 
inhibitory, with a median inhibition of 42% (n = 10 eyes; P 
= 0.002, one-way ANOVA with ranked data). Supidimide. a 
nonteratogenic analog that retains the sedative properties of 
thalidomide, exhibited no activity (area 107% of control; n = 
10 eyes; not statistically different from control). Other ana- 
logs, PGA and PG acid, displayed weaker inhibitory effects 
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Fig. 2. (A) Inhibition of bFGF-induccd corneal neovasculariza- 
tion by thalidomide and related analogs expressed as percent of 
median control on day 8, Pellets containing bFGF and sucralfate 
were implanted into micropockcts of both corneas of rabbits (18). 
Vessel ingrowth into the clear cornea from the limbus was first noted 
on day 2 and treatments (200 mg/kg orally) were begun on this day. 
The area of corneal neovascularization was measured from day 4 
through day 12. Day 8 measurements were used for comparison 
between groups. No regression of vessels and near maximal neovas- 
cularization was seen at this time point. Statistical analysis was 
performed with ANOVA with ranked data to account for interex- 
peiimcntal variation and to guard against a nonnormal distribution of 
data (i.e.. outliers) by utilizing a nonparametric method, (h) Time 
course of inhibition of neovascularization with thalidomide. Mean 
areas of corneal neovascularization with standard error bars arc 
presented from one experiment that is representative of the three 
experiments performed with thalidomide on nonirradiated animals. 
Data presented from the first time point after administration of the 
drug through the completion of the study are statistically different (n 
^ 10 eyes; P < 0.()05 for all time points, one-way ANOVA with 
ranked data). 
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than thaJidomide (data not shown). The density of vessel 
ingrowth in thalidomide-treated animals was also markedly 
reduced. Due to the lack of an objective grading scale, these 
results are not presented. 

Thalidomide has immunosuppressive properties that might 
have indirectly affected angiogcncsis. Recently, thalidomide 
has been used for its immunosuppressive properties in the 
treatment of leproma reactions (19) and chronic graft versus 
host disease (18, 20-23), However, in humans its immuno- 
suppressive properties arc weak and delayed with little effect 
in acute graft versus host disease (24). Because the effect of 
thalidomide on the immune system is similar but weaker than 
that of cyclosporin A (25), we tested cyclosporin A at the 
highest tolen^d dose of 25 mg/kg. No statistically signifi- 
cant effect was observed compared to control. To investigate 




Fio. 3. Representative corneas at 8 days afler implantation of 
bFGF pellets from conut)! {A) and thalidomidc-trcated {B) rabbits. 
There is prominent corneal neovascularization (arrows) in the con- 
trol with associated corneal clouding, which was demonstrated 
histologically to be stromal edema without inflammation. The tha- 
lidomide-treated animal has markedly less neovascularization with 
minimal corneal edema. 



further the immune interactions, we prctreated the rabbits 
with the maximally tolerated immunosuppressive dose of 
total body irradiation. Immunosuppressed animals re- 
sponded equally well to thalidomide, with a median inhibition 
of neovascularization of 52% (n = 12; P = 0.0001, one-way 
ANOVA with ranked data) as compared to irradiated place- 
bo-treated controls (Fig. 2 A). 

Electron microscopic examination of corneas from tha- 
lidomide-treated and control animals revealed ultrastnictural 
diflferences. Vessels in the thalidomide-treated group dem- 




Fic. 4. Electron micrographs of corneal neovascularization ob- 
served in a thalidomidc-treatcd rabbit 10 days after implanution of 
a pellet containing bFGF. (^4) High-magnification (x40,(M)0) view of 
typical fenestrations (arrow) in an endothelial cell from corneal 
neovascularization in thalidomidc-trcated rabbit. {B) High- 
magnification (x60,000) view of an area of cell thinning (asterisk) 
adjacent to a cell junction iri tlialidomidc-treatcd corneal neovascu- 
larization. These changes were not seen in control day 10 comcai 
neovascularization. (Bars =0.1 tun.) 
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onstrated fenestrations not seen in control animals (Fig. 4A). 
Fenestrations have been previously reported to be specific to 
regfessing corneal blood vessels aher removal of the angio- 
genic stimulus (26). However, in that model, endothelial cell 
regression was associated with platelet plugging and cellular 
hypoxic changes such as swollen mitochondria, which were 
not seen in the thalidomide-treated animals. Interestingly, 
histologic changes previously described in the vasculature of 
the limb buds from chicken embryos treated with thalidomide 
(27) were also seen in the corneal neovascularization of our 
thalidomide-treated rabbits including vesicular projections 
into the lumen and extreme thinning of cell processes (Fig. 
4^). In general, the corneal neovascularization from thali* 
domide-treated rabbits appeared more immature than that 
observed in control animals with poorly formed ceil junc- 
tions, incomplete basement membrane, and fewer associated 
pericytes. These findings support the hypothesis that tha- 
lidomide has a direct effect on the growing vasculatiue. 

DISCUSSION 

Orally administered thalidomide is an inhibitor of angiogen- 
esis induced by bFGF in the rabbit cornea micropocket 
assay. The mechanism by which thalidomide inhibits angio- 
genesis is unknown. Thalidomide has shown no effect on 
bFGF-induced proliferation of endothelial cells in culture 
(data not shown). Current studies are focused on the identi- 
fication of the most active thalidomide metabolite. The 
formation of an active metabolite by the liver in vivo provides 
an explanation of the observation that the effect of tha- 
lidomide on growing vessels is seen only when given sys- 
temically. 

Thalidomide has been shown to suppress tumor necrosis 
factor a (TNF-a) production from macrophages (28). How- 
ever, macrophages were rarely seen in histologic examina- 
tions of our model of corneal neovascularization. Further- 
more, studies examining the role of TNF-a in corneal angio- 
genesis have failed to detect TNF-a production in a model of 
inflammatory corneal angiogenesis in which macrophages 
were prominent (29). TNF-a Is only weakly angiogenic in 
vivo. It acts by inducing secondary inflammation in contrast 
to bFGF, which stimulates angiogenesis without inflamma- 
tion (30). Thus, the ability of thalidomide to inhibit angio- 
genesis induced by pharmacologic doses of bFGF supports 
the hypothesis that thalidomide directly inhibits an essential 
component of angiogenesis and does not operate through 
effects on TNF-a production. 

In conclusion, thalidomide is a potent angiogenesis inhib- 
itor in vivo. In this model of corneal angiogenesis, we have 
tested many putative angiogenesis inhibitors (including an- 
timitotic agents, m-retinoic acid, tamoxifen, and others). 
Thalidomide was the only agent capable of inhibiting angio- 
genesis after oral administration. Evaluation of thalidomide 
analogs demonstrated a correlation between teratogenicity 
and antiangiogenic potential. The weak and delayed immu- 
nosuppressive action of thalidomide when used clinically, its 
inhibition of angiogenesis in radiatton-immunosuppressed 
animals, and the lack of effect of the functionally related 
immunosuppressive agent cyclosporin A argue for a direct 
effect of thalidomide on angiogenesis. Further support for 
this hypothesis is derived from the ultrastnictural changes 
seen in thalidomide-treatcd animals. There are clear impli- 
cations for the use of this drug in the treatment of pathologic 
angiogenesis that occurs in diabetic retinopathy, macular 
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degeneration, and solid tumors. Because antiangiogenic ther- 
apy is likely to be long-term, there is a need for an orally 
efficacious inhibitor. 
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